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The investigation of the properties of electron correlated materials under pressure
remains a fertile arena for the discovery of novel electronic ground states, often
beyond conventional wisdom. However, direct microscopic insight into pressure-
driven quantum phenomena is certainly limited to a small number of techniques
and usually hampered by the lack of suitable instrumentation.
In this regard, resonant elastic x-ray scattering (REXS) is one of the best
techniques that combines the elements of diffraction and spectroscopy, offering
information about the atomic species, their positions in the crystal lattice and
their electronic orbital configuration. Combining REXS with high-pressure (HP)
presents an invaluable potential since pressure tuning of the interatomic electron-
electron interactions in a crystal can be probed directly via the distortion of
the lattice. Thus, HP-REXS experiments allow simultaneous observation of the
crystallographic, magnetic and electronic degrees of freedom within the same
experiment. This is extremely important in high-pressure studies where often
inconsistencies stem from the use of different pressure devices or due to sample-
dependent effects.
Nevertheless, non-trivial technological challenges need to be overcome when
developing the hardware and the methodology for HP-REXS experiments, mainly
dictated by two factors. Firstly, the observation of electron-electron interatomic
interactions frequently requires low-temperature, where the electronic ground
state is free of thermal motion and, therefore, other energy scales such as the
on-site Coulomb repulsion, the crystal field splitting or the spin-orbit coupling
prevail over the electronic fluctuations induced by the temperature. Secondly, the
absorption cross-section of materials is severe in the range of energies demanded
to excite the elementary resonant processes of interest (typically below 15 keV),
making the detection of weak magnetic reflections challenging. Moreover, the
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signal arising from these weak interactions gets further screened by the high-
pressure device.
The aim of this work is to provide a set of instrumentation for HP-REXS
experiments on I16, the beamline for materials and magnetism at the Diamond
Light Source (DLS). Likewise, to establish the working methodology and to
collect REXS data at HP. The thesis begins with the introduction to synchrotron
radiation and the fundamentals of REXS before describing the state-of-the-art of
the HP instrumentation dedicated to x-ray studies under cryogenic conditions.
Then, the new setup for HP-REXS experiments is described. It consists of a
membrane-driven diamond anvil cell, a panoramic dome and an optical system for
in situ pressure measurement using the ruby fluorescence method. The membrane
cell presents an asymmetric layout for operating in back-scattering geometry,
with a panoramic aperture of 100 degrees. This system allows the observation
of resonant signals using excitation energies at least as low as ∼ 8 keV, within a
temperature range of 30-300 K and up to 20 GPa for anvils of 500 µm in culet
diameter.
Finally, the thesis presents the results obtained from investigating the evolution
of magnetic correlations in Sr3Ir2O7 and the lanthanum doped counterpart
(Sr1-xLax)3Ir2O7 [x = 0.007(1)] upon application of hydrostatic pressure. The
experimental evidence reveals the presence of long-range 3D magnetic order at up
to at least 11 GPa of pressure. Combining the HP-REXS results with additional
resonant inelastic x-ray scattering data and theoretical modelling a conclusion
can be made about the presence of a spin-flop transition at the critical pressure
of Pc ∼ 14 - 15 GPa, with putative short-range in-plane magnetic order above
Pc.
In summary, this thesis presents a set of instrumentation and detailed
methodology for conducting REXS experiments under high-pressure. The
experimental results demonstrate the viability of the proposed approach and
provide a notion of the extraordinarily wealth information accessible, particularly
beneficial for the investigation of the electronic properties of materials.
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The investigation of the electronic behaviour of solids in a variety of pressure
and temperature conditions opens the door to new states of matter. However,
the achievement of these conditions is frequently limited by the capacity of the
instruments available and therefore, the development of new technology is needed.
This thesis is aimed at contributing to the design of high-pressure instrumentation
for conducting resonant elastic x-ray scattering (REXS) experiments at low-
temperature and at investigating the nature of electronic correlated materials
in these conditions.
Below a certain temperature threshold, the unpaired electrons in the external
part of the electronic cloud that surrounds atoms -otherwise disordered by the
action of thermal fluctuations-, may undergo long-range correlation, in other
words, to adopt fixed orientations with respect to each other giving rise to a
periodic electronic order. This forms the basis of exotic physical phenomena
such as superconductivity or metal-to-insulator transitions, all of them forming
potential grounds for future technological outbreaks.
This thesis proposes a new set of instrumentation to study electron correlated
materials under pressure by REXS, a technique that provides direct observation
of different degrees of electronic order (orbital, magnetic and charge). Combining
it with high-pressure conditions is an excellent path to simultaneously tracking
the effect of pressure on the evolution of the crystalline structure and the electron-
electron interactions. It thus provides information of enormous interest for
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1.1 Motivation: Why resonant elastic x-ray scattering
experiments under pressure?
Resonant elastic x-ray scattering (REXS) is an outstanding technique for probing
the nature of a material’s Fermi surface, which in turn is crucial to understand
its electronic, magnetic, optical and thermal characteristics. A plethora of
phenomena such as multiferroicity [3], metal-insulator transitions [4], charge-
ordering [5], solving the magnetic structure of frustrated magnets [6–8] or
investigating the distribution of magnetic domains [9, 10] have been understood
using the REXS technique. The nature of coupled correlated states is extremely
sensitive to the spatial arrangement of the individual elements, charge, orbital or
spin, giving rise to the long-range correlations present in all these phenomena.
In this sense, the application of hydrostatic pressure provides the means to
continuously modify, in first instance the structural order of materials, and
consequently the charge, spin and orbital degrees of freedom.
REXS is a relatively young technique whose application emerged together with
the materialisation of synchrotron sources in the 1980s and ever since, the
scientific community has shown a growing interest in its application to investigate
the nature of long range electronic interactions in solids. However, only in the last
two decades its combination with high-pressure has been considered in order to
expand the information accessible in this manner. The novelty of the technique
together with the experimental demands, mostly comprising low-temperature and
the need of specific values of excitation energy where the x-ray absorption is severe
(3.5 - 15 keV), challenge the viability of HP-REXS experiments. In this respect,
two scientific teams based at the Advanced Photon Source (APS) in Lemont, US
[11–17] and the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France [18–20] started the pioneering task of overcoming these restrictions.
Within this framework, the present work attempts to provide new technological
means to further extend the application of HP in REXS experiments. In the
following, custom-designed instrumentation will be presented to this end.
This thesis is the result of a collaborative project between The University of
Edinburgh and Diamond Light Source (DLS), a 3rd generation synchrotron facility
based in the UK. It is nourished by the joint expertise in the development of
high-pressure instrumentation at the Centre for Science at Extreme Conditions
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(CSEC) and the deep knowledge in the conduction of resonant studies and the
physics of correlated materials at I16, the beamline for materials and magnetism
at DLS [21].
The foremost aim of this thesis is not only limited to the design and test of HP-
REXS instrumentation, but to devise the suitable methodology to conduct studies
in these conditions, as well as to investigate the nature of strongly correlated
materials using the technology produced. In particular, the research focus will be
on the family of 5d transition metal oxides (TMO) that exhibit exotic electronic
behaviours and recently captured great interest from the condensed matter
community [22, 23]. This group of materials present particularly favourable
conditions to be explored by REXS under pressure in terms of the excitation
energy required and the rich playground of electronic behaviours shown.
In the following pages of this introduction, I will provide a brief overview to
the fundamental principles behind the phenomena of electronic correlation in
materials containing 5d elements. Finally, I will explain some of the most
noticeable effects induced by pressure in this family of compounds.
1.2 The effect of pressure on strongly correlated
materials
1.2.1 The Hubbard model: from 3d to 5d electronic correlations
Historically, the study of TMOs has been subject of intensive research in the
field of condensed matter physics. TMOs exhibit a vast variety of electronic
phenomena such as high-temperature superconductivity of copper oxides [24],
colossal magneto-resistance in manganese oxides [25], multiferroicitiy [26] and
different types of spin- and charge-correlations [27, 28], providing not only an
invaluable scenario to understand the underlying physics but also potential
technological applications. To a large extent, the origin of these phenomena
is understood via the interplay of different energy scales that govern the electron-
electron interactions: electrostatic Coulomb repulsion (U), Hund’s coupling (JH),
crystal-field (CF), bandwidth (W) or spin-orbit coupling (SOC) among others.
The strength of each of these interactions varies from element to element in the
4
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series of transition metals (TM) giving rise to different electronic behaviours
[22, 29].
The Hubbard model is the simplest framework that describes the nature of
correlated electrons in solids [30, 31]. It considers the electron hopping and
the on-site Coulomb repulsion as the two opposite tendencies that determines
the conductive/insulating behaviour of condensed materials, represented in the
following interaction Hamiltonian (Eq. 1.1):









the first term (Ht) stands for the kinetic energy of electrons that allow the
tunnelling or “hopping” between neighbouring sites of the lattice favouring the
metallic regime, while the second term (HU) represents the potential energy due
to on-site Coulomb repulsion and aids in the localisation of the carriers. In this
basis, metallic conduction occurs when the hopping term prevails over the on-site
Coulomb repulsion and electrons are able to tunnel between lattice sites.
This model was first devised to describe the electronic behaviour of solids
containing elements from the 3d-series of TM. However, when descending in the
periodic table towards the heavier atoms in the 4d and 5d rows, additional forces
come into play. The increased number of electrons in the core shells produces
the screening of the nuclear force felt at the d-orbital level, allowing these bands
to expand in the space and further overlap with each other. The latter directly
fosters the electronic hopping and so, one could naively expect rather metallic
and non-magnetic states over insulating behaviour. Strikingly, this conventional
wisdom contradicts the early empirical trends observed in Sr2IrO4, Sr3Ir2O7 and
BaIrO3 [32–37].
An additional ingredient, the SOC -largely neglected in the theoretical treatment
of 3d-elements and their oxides-, gets drastically enhanced in 4d and 5d elements
as a result of the increase in the atomic number (Z). The spin-orbit coupling
constant (λ) scales as the square of Z for the case of the outer electrons in
the valence band (λ ∝ Z2) [38]. Thus, the strength of this interaction can
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be as much as an order of magnitude larger in the 5d TM respect to the 3d
counterparts, λ3d ∼ 20 − 40 meV [39] and λ5d ∼ 200 − 500 meV [40]. In these
conditions, additional splitting of the otherwise degenerate orbitals/bands may
occur, allowing the correlation physics to step in. The simple initial Hamiltonian
of the Hubbard model given in Equation 1.1, will thus be modified by the addition
of the spin-orbit coupling term as:












The resulting electronic ground state includes narrow bands with marked
directionality induced by the orbital degree of freedom, where the electrostatic
repulsion arising from moderate electronic correlations can be sufficient to open
a small gap, giving rise to exotic non-conventional ground states as topological
insulators [41–43] or Weyl semimetals [44, 45].
Other fundamental interactions such as the Hund’s coupling or the crystal field,
tailor the final individual electronic behaviour of each particular material. The
CF energy scale gives consideration to the influence of the spatial distribution of
the electric potential produced by the charge density of the anions surrounding the
TM cation, whereas JH allows for the energetic cost of the repulsion between two
electrons occupying the same orbital. Thus, strong values of CF favours larger
gaps and low-spin filling of the d orbitals typical of the insulating (correlated,
usually antiferromagnetic) states. On the contrary, large values of JH favours
high-spin configuration, taking the system away from the insulating picture [46].
1.2.2 High-pressure novel electronic states in 5d based TMOs
Pressure has been demonstrated to be an extremely powerful tool to access
novel electronic ground states in 5d TMOs, where often, the stability of the
lowest-energy electronic configuration is closely interlaced with the lattice degree
of freedom. An example of this behaviour can be found in the family of
iridium oxides featured by a strong SOC mediated Jeff = 1/2 electronic ground
6
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state.1 This configuration was first identified in Sr2IrO4 in 2008 [34, 47, 48]
and since, it has inspired an enormous body of experimental and theoretical
work. On the whole, these materials exhibit complex magnetic states with high
critical temperatures but low magnetic moments, and exotic insulating behaviours
instead of metallic conduction [49].
A variety of iridates with different crystalline structures share this electronic
configuration, each of them potential scenario for the realisation of exotic
electronic behaviours. From the pyrochlore based compounds with stoichiometry
A2Ir2O7 -where A is commonly a rare earth or an alkali metal-, predicted as
potential base for topological non-trivial electronic states [17, 45, 50, 51]; or the
honeycomb lattice of Na2IrO3 or α, β, γ− Li2IrO3 depicted as a fertile ground
for the realisation of non-isotropic Kitaev quantum spin liquid (QSL) [52–57]; to
the layered family of the Ruddlesden-Popper series (PRS) Srn+1IrnO3n+1 where
the splitting of the Jeff = 1/2 and Jeff = 3/2 bands progressively narrows as a
function of the dimensionality (i.e. n). In this series of compounds, the bandwidth
gradually broadens closing the charge gap ∆, from a robust insulating state for
Sr2IrO4 (n = 1) to a metallic state for SrIrO3 (n =∞). The intermediate member
Sr3Ir2O7 (n = 2), which presents weak-insulating character at ambient pressure
will be the foundation of the experimental work of this thesis. Further details on
the physics of this family of iridates will be given in connection with the latter
in Chapter 5.
All these compounds seem to present large to moderate sensitivity to applied
external pressure and indeed, some striking novel electronic states has been
revealed by this means. Generally speaking, the application of external pressure is
expected to enhance the electron hopping (t) via widening of the electronic bands
and hence, facilitating the metallic behaviour. However, due to the rich balance
between equally competing energy scales in 5d materials, more often than not,
uncommon and extraordinary outcomes arise from the application of pressure.
For example in 5d honeycomb systems, pressure is predicted to aid in the
achievement of the elusive QSL state promoting anisotropic magnetic exchange
via structural distortion. However, the experimental observations reveal that
moderate level of stress -below 5 GPa-, seem to induce dimerisation of the
Ir centres, causing marked molecular electronic configurations that enter in
1A schematic representation of the Jeff = 1/2 ground state is pictured later in this text in
Fig. 5.2.
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competition with the formation of the QSL state [52, 53, 55, 56, 58–62]. Other
peculiar behaviours, such as the unusual increase of the magnetic ordering
temperature (TN) upon applying pressure prior to the final vanishing of the AFM
order has also been reported in the two-dimensional honeycomb materials such as
Na2IrO3 [50, 51, 63] and α-RuCl3 [64, 65]. The latter showing remarkably stable
magnetoresistance up to 140 GPa [65].
In similar fashion, 1-2 GPa of pressure are enough to suppress the three
dimensional counter-rotating AFM spiral order of the honeycomb iridates β-
Li3IrO3 [54, 56, 57] and γ-Li3IrO3 [7, 13]. Additionally, β-Li3IrO3 seems to
undergo a structural zig-zag dimerisation of the Ir units above 4 GPa [53, 55]
in line with the observations on the two-dimensional counterparts. Evidence that
suggests the dimerisation phenomena as a typical characteristic of the electronic
behaviour of honeycomb 5d iridates under pressure.
The family of pyrochlores with stoichiometry R2Ir2O7 (R = rare earth, Bi or Pb)
also show exceptional behaviours under pressure. They have been pointed out
as potential arena for the formation of Weyl semi-metals (WSM) and non-trivial
topological effects [66]. They are characterised by a diamond-like crystalline
structure and general insulating all-in-all-out (AIAO) magnetic behaviour, with
the exceptions of the semimetal Pr2Ir2O7−δ [67] and the metallic Pb2Ir2O7 [68]
and Bi2Ir2O7 [69]. The latter, exhibits unusual pressure induced electronic
localization in the shape of a metal-to-insulator transition above 0.48 GPa [70].
Recently, this abnormal phenomena has been also observed in the hyper-kagome
iridate Na3Ir3O8, where the application of 2 GPa of pressure is sufficient to turn
the semimetallic nature of this system into a robust insulating state that stays
correlated up to the megabar regime [62].
Despite other pyrochlores do follow the expected trend towards metallic
conduction, they are not exempt from added exceptional electronic behaviours
induced by pressure. This is the case of Eu2Ir2O7, which exhibits an
unconventional negative temperature coefficient of resistivity upon applied
pressure above 6 GPa [71], or Nd2Ir2O7 that presents evidence of WSM behaviour
induced by pressure [72]. It is worth mentioning the singularity of the Os5+ (5d3)





a continuous quantum phase transition (QPT) above 35.8 GPa where magnetic
and structural transformations occur concurrently with the charge gap collapse,
a typical sign of three-dimensional quantum criticality [12].
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Finally, I will only briefly mention here the group of layered-perovskite iridates
Srn+1IrnO3n+1, since more details of their HP behaviour are given in Chapter 5.
This family of materials displays a rich variety of exotic electronic, structural and
magnetic transitions induced by pressure.
All these thrilling discoveries, often compromise the conventional knowledge on
the hierarchy between energy scales that govern 5d electron correlated materials
and represent a source of exciting intellectual challenge both theoretically and
experimentally. The materials mentioned hitherto are only a very small selection
of the large number of systems that could be addressed by HP-REXS. On this
subject, the present work aims to explore alternative technical approaches to
overcome the experimental factors that hamper their investigation by HP-REXS.
Likewise, to shed light on the physical nature of the conspicuous electron-electron
interactions in 5d TMO.
1.3 Thesis outline
This thesis is organised as follows:
 Chapter 2 provides a brief introduction to synchrotron radiation and its
unique properties, prior to describe the fundamental principles of resonant
elastic x-ray scattering (REXS). The formalisms and definition of the
parameters of relevance for the design of high-pressure instrumentation
are discussed is Section 2.3. The theoretical concepts required for
understanding the scattering interaction of x-rays with magnetic materials
are also explained. In Section 2.2, the two laboratories where most of the
experiments of this thesis were conducted, beamlines I16 and I19 at DLS, are
described. Finally, a concise subsection provides the details from the sample
pre-characterization routines followed in preparation for the experiments
conducted and further discussed in Chapter 5.
 Chapter 3 starts by offering a general insight into the historical evolution
of high-pressure science. It will then focus on the state-of-the-art of HP
devices especially dedicated to conduct x-ray experiments under cryogenic
conditions. Section 3.3 describes the main parts of a diamond anvil cell
and its basic handling, providing some practical recommendations for the
9
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conduction of REXS experiments. Lastly, I provide a description of the HP
setups employed for the studies presented in Chapter 5.
 Chapter 4 presents a novel setup to conduct HP-REXS experiments on
I16, which includes a diamond anvil cell, a panoramic dome and an optical
system for in situ measurement of the level of pressure at low-temperature.
In the first place, I will explain the general experimental constrains for
the combination of HP and REXS techniques, as well as, the particular
experimental conditions required in I16. Then, the HP-setup is described
providing details of each component and its use. The results from the
experimental tests conducted for characterization of the system are also
reported in this section. A final view of the various prototypes considered
throughout the designing process is given in the last part of the chapter.
 In Chapter 5, I will present an analysis of the experimental results obtained
investigating the magnetic properties of Sr3Ir2O7 and its electronically
doped counterpart (Sr1-xLax)3Ir2O7 by HP-REXS. A collaborative analysis
of REXS, RIXS and computational data reveals a potential spin-flop
transition from collinear to canted AFM order at a critical pressure of ca.
18 GPa for Sr3Ir2O7.
 Finally, Chapter 6 summarises the information reported in this thesis.
Firstly, the technological outcomes for the realisation of HP-REXS
experiments on I16 are explained, highlighting the possible directions for
further development of HP devices for resonant x-ray studies. Secondly, the
most significant findings from the experimental investigation of Sr3Ir2O7
and (Sr1-xLax)3Ir2O7 [x = 0.007] are also summarised.
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In an effort to make this thesis self-contained, in this chapter I provide an
introduction to the basic theoretical concepts behind synchrotron radiation and
REXS, the core technique employed in this work, that will aid in the design
of high-pressure instrumentation. Firstly, I will explain the main properties of
synchrotron light and the particular working parameters of the DLS, which are
important not only for REXS, but also for a large number of new experimental
techniques only viable thanks to the unique properties of synchrotron radiation
[73–75]. Secondly, I discuss qualitatively the nature of the REXS process and the
associated cross-section. The complete mathematical derivation of the scattering
cross-section is beyond the scope of this thesis and the interested reader is referred
to [76–81] for further details.
2.1 Synchrotron radiation
The linear trajectory of a charged moving particle can be modified by means of
the interaction with a magnetic or electric field. When the particle is moving in
the relativistic regime and experiences acceleration perpendicular to its velocity
(a ⊥ v), it loses energy in the form of light known as synchrotron radiation (SR).
This phenomenon was predicted in 1944 [82] and first observed at the General
Electric Research Laboratory in New York by Elder et al. [83] three years later.
SR can be produced in a broad range of the electromagnetic spectrum, from
microwaves to hard x-rays and it is extensively used for scientific purposes.
Fig. 2.1 shows a scheme of the main components of a synchrotron facility:
electron gun, linac, booster, storage ring and beamlines. The first step to produce
synchrotron radiation is the generation of a source of electrons, which takes place
by thermionic emission in an electron gun. A high-voltage cathode is heated
under vacuum giving the electrons enough energy to escape the material. Then,
the ejected particles are accelerated from 90 keV to 100 MeV in a linear particle
accelerator (LINAC). In the LINAC, the beam of charged particles passes through
several radio-frequency (RF) cavities. In them, the electromagnetic radiation
transfers energy to the electrons that, leads to an increase in their acceleration,
pushing them forward along the tunnel. Right after is the booster, a ring made of
alternated bending magnets (BM) and RF cavities where the electrons are further
accelerated reaching maximum energies in the GeV regime (3 GeV at DLS).
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Figure 2.1 A schematic diagram of the most important components of a modern
synchrotron source: electron gun (e-gun), linear particle accelerator (LINAC),
booster ring, storage ring and beamline. From [74].
Once the particles have reached the target energy, they are injected into a larger
storage ring. At DLS, this is a closed loop of 562 m in circumference made
of 24 straight sections connected by 48 bending magnets. Small amounts of
electrons are injected from the booster into the storage ring quasi-continuously
following the so-called ”top-up” process that allows experiments to run with
no interruptions. Particles in the storage ring circulate generating SR when
feeling the proximity of the magnetic field exerted by bending-magnets (BM)
and insertion devices (ID). The first ones provide the perpendicular driving force
needed to define the arc between straight sections of the storage ring. BM are
used mainly when a broad section of the electromagnetic spectrum is required,
as it is the case of some spectroscopic techniques. However, ID in the shape of
wigglers and undulators produce much brighter light (see Eq. 2.1) and are most
commonly used. Both, wigglers and undulators, are made of arrays of alternated
magnets located in straight sections of the storage ring that force the beam to
wiggle or undulate making it even brighter. These are distinctive of the so-called
3rd generation synchrotrons and produce the most intense artificial synchrotron
light.1 Depending on the periodic spacing between the magnets in the array,
1Synchrotron light can be also produced naturally by astronomical objects such as nebulae
or pulsars [84, 85].
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different photon energies are produced.
Finally, the beam of light enters the beamline through the so-called front end
that connects the storage ring to the beamline space. Here, the beam is cleaned,
monitored and optically prepared. Following the front end is the experimental
hutch where the experiments are carried out and next to it, the control room, from
where users command all the experimental parameters. From the electron gun
to the optical front, the entire travelled path is maintained under high-vacuum
conditions to minimise the scattering of electrons by air molecules and the beam
absorption.
In summary, SR presents the following properties:
– High Flux and High Brilliance. The flux can be defined as the number of
photons per second and per band width unit (usually 0.1%) passing through
a defined area. Whereas brilliance makes reference to the spatial and angular
distribution of the beam, i.e. the smallest spot onto which the beam can be
focused. It is defined as
Brilliance =
Photons/second
(mrad)2(mm2 source area)(0.1% bandwidth)
. (2.1)
In a synchrotron, the size of the beam after focusing is within the range of
microns and the flux of photons is proportional to the square of the electron
acceleration. Therefore, a very large flux of photons is confined in a very small
spot that consequently results in an extremely brilliant beam. This allows much
more rapid experiments than ordinary laboratory sources and it is key for highly
demanding photon techniques as REXS, aimed to observe diffraction signals
orders of magnitude weaker in intensity than ordinary charge peaks.
– Broad Spectrum. Fig. 2.2 displays the power distribution provided by a BM
of constant field and different values of ring current. The radiation generated in
each case covers a range of energy of several orders of magnitude. Nevertheless,
the flux of photons is only high within a small region, mostly concentrated in
the x-ray spectrum and shifts towards higher values of energy as the ring current
increases.2 For this reason, most of the experiments conducted in synchrotron
facilities exploit x-ray radiation.
2This same effect could be attained by increasing the field strength. However, the maximum
field in BM is technologically limited to ∼ 1 T [74, 86].
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Figure 2.2 Power distribution of the synchrotron radiation generated by a BM of identical
magnetic field and different values of ring currents (1.5, 3.0 and 4.5 GeV).
Dotted vertical lines stand for the value of the critical energy Ec defined in
Eq. 2.2 for each case. In the top, details of the corresponding spectral energy
range are displayed.
In order to take full advantage of the SR, a useful parameter to evaluate the energy
at which the flux of photons is at its maximum is the critical energy Ec represented
by dashed vertical lines in Fig. 2.2. Ec is proportional to the product between the
electron beam energy ε and the external magnetic field B as detailed in Eq. 2.2.
It divides the spectral distribution into two parts of equally radiating power and
lies just above the energy at which the flux of photons is at its maximum. This
is an important parameter to consider when planning a synchrotron experiment,
since ideally the maximum flux should lie close to the excitation energy required.
As an example, for the REXS studies conducted during this thesis (see Chapter
5), only the sources with ring current above 3 GeV provide a large flux of photons
in the proximity of the absorption edge exploited (Ir L3 ∼ 11.217 keV) (see Fig.
2.2).
Ec = h̄ωc[keV ] = 0.665ε
2[GeV ]B[T ]. (2.2)
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– Polarization. Both linear and circular polarization can be obtained depending
on the position of observation with respect to the horizontal plane of the storage
ring. When the line of sight is in-plane with the storage ring, electrons appear to
oscillate linearly. If the observer is above/below the horizontal plane of the ring,
electrons seems to follow an elliptical orbit.3 This particular aspect is utilised in
techniques as x-ray magnetic circular dichroism (XMCD) that takes advantage
of the difference in absorption of some magnetic materials when exposed to left
and right circularly polarized light.
– Pulsed Time Structure. The radio frequency power supply that restores the
energy loss of the particles circulating in the storage ring, also modulates the final
pulsed structure of the electrons in it. It defines packets or ’bunches’ of electrons
separated by tens of picoseconds that make possible time resolved studies on the
same time scale.
For all reasons mentioned, synchrotron light is extensively used for diffraction,
scattering, spectroscopy and imaging purposes by an ever-growing community
since the first facilities where constructed to our days. In the next section, the
beamline where most of the experimental work of this thesis was conducted is
described.
2.2 I16 - Materials and magnetism beamline at DLS
I16 is the beamline for Materials and Magnetism at DLS especially designed for
REXS studies [21]. Fig. 2.3 contains a schematic illustration of the setup. In I16,
a diamond U27 undulator device (27 mm period) provides x-ray radiation in the
range of energy between 3.3 and 15 keV, with the possibility of extending these
limits up to 25 keV and down to 2.7 keV using a different optical configuration
and minimizing the absorption from air. The experimental energy is selected
by means of a liquid nitrogen cooled monochromator sandwiched between two
gas bremsstrahlung collimating units. The latter gets rid of the gamma rays
produced when electrons collide to each other, causing noise and parasitic high
energy radiation in the beam. The monochromator includes three sets of crystals:
a channel-cut Si (111) and two double-crystals of Si (111) and Si (311). For ease
3Circular polarization can be also obtained in helical undulators when the photon energy is
within the soft x-ray regime < 2.5 keV [86].
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of use and beam stability, the single channel-cut crystal is the one normally in
place. This crystal produces small shifts of the beam height when changing energy
and that is taken into account by adjusting the height of all the downstream
components from this point.
Once the suitable energy is selected, the monochromatic beam is focused by a
pair of 1.2 m mirrors. The first one is a 96 mm radius sagittal cylinder responsible
for the vertical focus, while the second, is a flat mirror that presents a mechanical
bender (tangential radius ∼ 5.8 km) and provides horizontal focus. The first is
coated with Rh whilst the second one can be used either on a Si or a Rh outer
cover in order to provide better harmonic rejection. At the focal point, the beam
spot has a Gaussian profile with full-width at half maximum (FWHM) of 20 ×
200 µm2 (V × H).
The sample under study is mounted on a 6-axis Newport N-6050 kappa
diffractometer that allows to conduct experiments in vertical and horizontal
geometries and to accommodate different experimental environments. The
particular experiments carried out during this thesis were done in a vertical
configuration using two different cooling systems: a 4 K closed-cycle cryostat
(D-202N) and a nitrogen Cryojet from Oxford Instruments. Additionally, the
application of external electric and magnetic fields is also possible.
In this geometry, four angles named ω, χ, φ for the sample and δ for the detector
arm define the possible motions (see Fig. 2.4). A set of unitary vectors u1, u2
and u3 define the system of reference for the scattering coordinates following
the description by Blume and Gibbs [78] as illustrated in Fig. 2.5. In it, the
polarization of the incident and scattered beams is expressed in terms of the εin
and εout polarization vectors with orthogonal basis perpendicular (σ) and parallel
(π) to the scattering plane.
Finally, the detection of the diffracted peaks is done at the detector arm unit
equipped with 5 point detectors, a Pilatus 100 K area detector and a polarization
analyser. The point detectors available are an APD - Avalanche Photodiode, a
Si drift detector, a Scintillator, a PIN diode and a High-resolution Imager. The
Pilatus 100k is offset by 9 degrees with respect to the main axis of the arm (blue
box in Fig. 2.3) and allow the collection of signals in a large solid angle. This is
particularly useful for the alignment and mapping of the samples.
The polarization analyser consists of a set of crystals that presents a Bragg
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Figure 2.3 Schematic view of the optics and experimental hutch layouts on I16 at
DLS. Detail of the 6-axis kappa diffractometer with the closed-cycle cryostat
mounted on the goniometric stage and the detector arm. Figure adapted
from [21].
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Figure 2.4 Illustration of the beam path and the different goniometer motions in a 4 axis
diffractometer.
Figure 2.5 Schematic drawing of the vertical scattering configuration in a REXS
experiment. The unitary vectors (u1, u2, u3) define the system of reference
for the scattering process. Linearly polarised beams defined in terms of the




reflection at θ ∼ 45o at the operating energy, such as only polarization
perpendicular to the scattering plane can be diffracted and reach the detector.
Thus, by rotating the whole crystal-detector assembly around the scattered
beam direction, it is possible to select the linear component σ′ and π′ of the
scattered beam. For instance, at the Ir L3 absorption edge, polarization analysis
is frequently done using the scattering planes (333) from Au (θ ∼ 45o) or (008)
from graphite (θ ∼ 41o).
2.3 Resonant elastic x-ray scattering in magnetic
materials
2.3.1 The scattering interaction
The Hamiltonian (H ′) describing the scattering interaction between the
electromagnetic radiation and the electronic charge density in a crystalline
material can be expressed in terms of the theory of perturbation as resulting
from three independent contributions [81, 87]:
H ′ = Hel +Hrad +Hint (2.3)
where Hel describes the electronic state of the system, Hrad stands for the
Hamiltonian representing the electromagnetic wave and Hint characterises the
scattering interaction between the previous two. This last term can be further
divided in
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[A(ri, t) · pi]︸ ︷︷ ︸






si · [∇×A(ri, t)]︸ ︷︷ ︸
e− spin + B EM wave
(2.4)
where si, ri and pi are the spin, position and momentum of the i-electron in the
system and A is the position and time-dependent vector potential of the EM
wave. The terms H1 and H3 arise from the interaction between the electronic
charge and the EM field, H2 represents the spin-orbit interaction and H4 stands
for the interaction between the electronic spin and the magnetic field (B) of the
incident EM wave.
Under this consideration, the scattering mechanism can be described as a
two-photon process between the eigenstates of Hel and Hrad induced by the
perturbation Hint. Thus, an incident photon with polarization ε and wave vector
k is scattered by the initial state |g〉 (ground state) to a final state |f〉 transferring
momentum p = h̄k to the system. Then, a second photon (ε′, k’) of the same
energy (|k|= |k′|) is emitted. This process is schematically illustrated in Fig. 2.6.
The probability of this transition to happen is given by the Fermi’s golden rule










where |G〉 = |g; k, ε〉 is the initial state of the whole system with energy EG =
(Eg+h̄ωkin), energy of the ground state (Eg) plus the energy of the incoming
photon (h̄ωkin). |F 〉 = |f ; k′, ε′〉 and EF = (Ef+h̄ωkout) are the corresponding
counterparts for the final state, and En is the energy of the intermediate state
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Figure 2.6 Illustration of the two-photon scattering process of x-rays. In the first step, an
incident photon promotes a core electron to the valence band. In the second
step, another electron decays from the valence band filling the core hole and
a second photon is emitted. When the energy of the incident and scattered
photons are the same (ωkin = ωkout ) the interaction is considered elastic.
where no photons are involved.
The scattering cross-section is the magnitude directly measured during a
scattering experiment, defined as the probability for a particle of incident energy
Eg to be scattered along a given direction, into an unitary solid angle ∆Ω, with
a final energy Ef . For the coherent elastic x-ray scattering in single crystals
(h̄ωkin = h̄ωkout and Eg = Ef ), the differential cross-section can be expressed
as the product between the square of the absolute structure form factor and the
square of the Thomson scattering length r0 = e









The terms in the sum comprising the structure form factor consider the phase
differences between the scattered x-rays by the j-electrons at different positions
Rj of the crystal for a given scattering vector Q = (k−k′), and the total scattering
amplitude fj(k,k’, ε, ε
′, h̄ωk) that results from the angular dependence of the
scattering amplitude due to the spatial distribution of the local electron density of
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Figure 2.7 Schematic illustration of the Laue condition. Only when the scattering vector
Q is coincident with the lattice vector G at a given hkl, the scattering intensity
is maximum.
each atom. The differential scattering cross section is maximum when Q coincides
with any given reciprocal lattice vector Ghkl and the scattering intensities are non-
vanishing due to constructive interference. This is known as the Laue condition
illustrated in Fig. 2.7.
In the presence of magnetically ordered spins and as a function of the excitation
energy, the shape of the total scattering amplitude becomes more complex in
order to account for the magnetic, absorption and resonance phenomena. In
these conditions, three main contributions can be distinguished in the scattering
amplitude following the formalism in [87]:
fj = (f
Thom.
j (Q) + f
magn.







































where Ψjg is the core state centred at site j, Ψ
j
n are all possible intermediate states
that can be reached by the virtual absorption/emission process characterized
by an energy En and a lifetime ∼ h̄/Γ, and Hi correspond to the interaction
Hamiltonian terms defined in Eq. 2.4.
The first two energy-independent terms, are dominant when the incident photon
energy h̄ωk is well above the absorption edges. The first term is the so-
called Thomson scattering amplitude fThom.j (Q), associated with the isotropic
distribution of the local charge density, and the second is the non-resonant
magnetic scattering amplitude fmagn.j (Q), associated with the orbital and spin
density distributions. The real and imaginary terms f ′j(h̄ω)+if
′′
j (h̄ω), also named
anomalous or dispersive terms, respond for the resonant contribution due to the
core hole transitions into available electronic states just above the Fermi level
when the excitation photon energy lies near an elementary absorption edge (i.e.
K, L, M...).
In these conditions (h̄ωk ∼ K, L, M...), the coherent interference between
the resonant scattering amplitudes from different sites of the crystal, provides
sensitivity to the long range electronic order and results in a significant
enhancement of the intensity of specific reflections as a function of the symmetry
and the multipole character of the electronic levels involved in the transition. In
this manner, remarkably weak electronic correlations become visible.
2.3.2 Resonant magnetic scattering amplitude
The specific scattering amplitude of a resonant transition can be calculated by
considering the symmetry relationships between the magnetic atoms in the unit
cell and by using a tensorial description to the resonant terms in Eq. 2.8. A








−m depends on the incident and scattered polarization and the
wavevector, and F(p)m (j;ω) is associated to the tensorial properties of the j-atom
that can be expressed in terms of a multipole expansion. Thus, Eq. 2.9 separates
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the contributions from the radiation and the crystalline structure respectively. A
detailed derivation of these terms is far from the scope of this thesis and it can
be found elsewhere [88–91].
Nevertheless, it is worth highlighting that the tensorial nature of fREXS has
important consequences in the scattering cross-section, since forbidden lattice
reflections involving magnetic states become visible at resonance. In the
proximity of an absorption edge, additional terms appear in the anisotropic
susceptibility tensor (ATS) that provide sensitivity to aspheric modulations in
the local electron density. Frequently, the site symmetry of the resonant ion
is distorted by small atomic displacements via bonding/hybridisation by the
crystalline electric field of surrounding atoms or the presence of punctual defects
and thermal motion [92–95]. In these conditions, forbidden reflections can appear
in non-cubic4 environments as a result of dipole resonant transitions (E1), since
the symmetry equivalence between resonant species is broken and the extinction
rules tabulated for glide planes and screw axes [99] are violated.
Figure 2.8 displays an schematic illustration of this idea, where the lower and
high symmetry cases are represented by ellipsoids and spheres respectively. If
we compare the positions labelled as A and B in each case, related by a glide
transition, they do not cancel when added with the phase in the elliptical case. As
a consequence, the extinction rules applying on the spheric and aspheric scenarios
are different and forbidden reflections can come into sight.
In a magnetic material, the local magnetic axial vectors are also able to
cause anisotropy in the electron density and so, magnetic information becomes
accessible via dipole E1 and quadrupole E2 electric transitions.
5 This sensitivity
arises thanks to the joint effect of the Pauli exclusion principle and the SOC
interaction.
On the one hand, the exclusion principle determines the availability of
intermediate states near the resonance energy. The population imbalance between
spin-up and spin-down semi-occupied levels gives rise to the so-called magnetic
polarisation of the surrounding empty states in the valence band. Thus, by
4ATS reflections are also possible in systems with cubic symmetry when excited through
quadrupole (E2) [96] and mixed dipole-quadrupole (E1 - E2) [97, 98] transitions in account of
the local chirality of the crystal [98].
5The selection rules for dipole E1 transitions are ∆J = 0, ±1 and ∆L = ±1, where J is the
total angular momentum (J = L+ S) and L and S are the orbital and spin quantum numbers
respectively. For the quadrupole E2 counterpart ∆J = 0, ±1, ±2 and ∆L = 0,±1 apply.
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Figure 2.8 Glide translation on spherical (high-symmetry) and aspherical (low-
symmetry) motifs. The operations of symmetry relating ellipsoids and
spheres after a glide translation are not equivalent since the former presents
site directionality (local anisotropy).
the exclusion principle and considering that the spin is conserved in optical
transitions, the promotion of core spins into magnetically polarised levels near
the Fermi energy is favoured for those spins counteracting the resulting local
magnetic moment.
On the other hand, since sizeable SOC occurs in electronic levels with l 6= 0, i.e.
non-spherical orbitals, it represents a source of directionality/spatial anisotropy
for the electrons taking part in the resonant process. This is, in fact, the ultimate
reason why E1 and E2 transitions are sensitive to the magnetic order in spite of
being purely electric. The splitting of the electronic levels with non-vanishing
orbital moment (l 6= 0), either in the core or the valence band, entails certain
relaxation in the selection rules for the corresponding multipolar excitation.6
This produces an unbalance in the magnitude of the transition matrix elements
generating net magnetic scattering amplitude [29, 79, 88].
This is the case of the magnetic reflections observed in Sr3Ir2O7, the main system
studied in this thesis. In this compound, the Ir 5d orbitals are responsible for the
6The spin selection rule strictly applies only when the electron spin is a good quantum
number, i.e. in the case of negligible SOC.
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magnetic interactions. Among other energy scales, the SOC induces the splitting
of the 5d levels generating a Jeff = 1/2 ground state magnetically ordered below
285 K at ambient pressure (see Chapter 5 for further details). The resulting
magnetic moment leads to magnetic polarisation of the non-occupied surrounding
orbitals, which can be accessed via optical dipole transitions from the 2p1/2 (Ir
L2 edge) and 2p3/2 (Ir L3 edge) core levels.
A different aspect is the strength of the resonant enhancement, which mainly
responds to the cooperative action of three factors: the magnitude of the
transition matrix element, the difference in the density of polarised states above
the Fermi level and the strength of the SOC. In general, dipole transitions (∆L
= ± 1) are stronger than the quadrupole counterparts (∆L = ± 2), producing
transition matrix elements of larger magnitude. Likewise, the broad overlapping
of the electronic levels involved also favours large transition matrix elements.
From the point of view of the density of intermediate states available, the larger
is the unbalance of polarised states near the resonance energy, the larger is the
intensity of the resonant reflections. Third and final, strong SOC splitting of
the core and/or the intermediate states produce large unbalance in the transition
matrix elements and therefore, larger magnetic scattering amplitude.
Table 2.1 shows a summary of the most common absorption edges exploited in
REXS experiments adapted from [88]. The specific electronic levels involved in
each transition, the multipolar character, the energy range and the estimated
values for the resonant magnetic scattering amplitudes are listed in this table.
The most important edges for hard REXS lie within energy range 3.5 - 15 keV,
which includes K-edges of transition metals (TM), the L-edges and M-edges
of rare-earths and both the L-edges and M-edges of actinides.7 Inspection of
table 2.1 reveals that the maximum enhancement occurs in strongly spin-orbit
coupled shells and for dipole E1 transitions, in line with the criteria just explained.
Likewise, the transitions involving 1s core levels (l = 0) are significantly weaker
than those presenting non-vanishing orbital moment (l 6= 0).
In practice, REXS is a complementary technique to neutron scattering for the
study of magnetic materials. Despite neutron scattering is the time-honoured
procedure for solving magnetic structures, the use of x-rays presents a number
7The L-edges of 3d TM and the M-edges of rare earths despite presenting a huge resonant
enhancement, lie within the soft x-ray regime E < 2.5 keV where the scattering conditions
are not fulfilled for most of the magnetic structures. Atomic resolution cannot be obtained at
wavelengths of 12 to 30 Å under normal conditions.
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Table 2.1 Common absorption edges exploited in REXS with detail on the magnitude of
the energy (keV), wavelength λ (Å), the allowed transitions between electronic
shells, the multipolar character (type), and the estimated resonant magnetic
x-ray scattering (RMXS) amplitudes expressed in r0 units [88].
Series Abs. edge Energy λ Shells Type RMXS
(keV) (Å) (r0)
3d L2,3 0.4 - 1.0 12 - 30 2p → 3d E1 ∼ 100
K 4.5 - 9.5 1.3 - 2.7 1s → 4p E1 ∼ 0.02
1s → 3d E2 ∼ 0.01
5d L2,3 5.4 - 14 0.9 - 2.2 2p → 5d E1 ∼ 1 - 10
4f L2,3 5.7 - 10.3 1.2 - 2.2 2p → 5d E1 ∼ 0.10
2p → 4f E2 ∼ 0.05
M4,5 0.9 - 1.6 7.7 - 13.8 2d → 4f E1 ∼ 100 - 200
5f L2,3 17 - 21 0.6 - 0.7 2p → 6d E1 ∼ 0.05
2p → 4f E2 ∼ 0.01
M4,5 3.5 - 4.5 2.7 - 6 3d → 5f E1 ∼ 10
of advantages. Firstly, REXS allows the study of materials containing strong
neutron absorbing elements such as Gd, Sm, Eu, B, Cd, Dy, Os and Ir. Secondly,
x-rays can be easily collimated down to small spots comparable to the typical size
of a single crystal (< 100 µm) while keeping an elevated flux of scatterers8. This,
automatically translates into higher momentum resolution and the possibility of
investigating smaller samples, even surface magnetism in thin films or molecular
magnets [100–102]. Both bulk and surface states can be selectively probed as a
function of the scattering geometry. In normal conditions, the penetration depth
of x-rays in the proximity of 10 keV is approximately 50 µm, while typical values
for an equivalent neutron beam are in the order of cm (same ratio applies for the
beam spot size).
The superior momentum-space resolution of REXS is particularly suitable to
investigate incommensurate electronic correlations where the signals get typically
broaden [7, 103] or for the accurate refinement of magnetic structures initially
investigated by neutron scattering. In addition, when in resonance, the
8The flux of neutrons in a spallation source is not larger than 2×103 neutrons · cm−2s−1 or
1.5×105 neutrons · cm−2s−1 for a nuclear reactor, which implies big samples of several mm3 not
always affordable in single-crystalline form.
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interaction of x-rays and matter is much stronger than with neutrons, which
is especially beneficial for studying antiferromagnetic materials presenting small
magnetic moments and propagation vector k 6= (0,0,0).9
The resonant nature of REXS also provides sensitivity to specific elements and
electronic states. It is possible to probe different magnetic species separately
and disentangle their individual contribution to the global magnetic behaviour.
Likewise, it can differentiate between oxidation states of the same element via
shift of its inner core levels. Finally, since the promotion of electrons in REXS
occurs between specific orbitals, it grants information from the orbital state of
the system.
As drawbacks, the scattering cross section of the resonant phenomenon is several
orders of magnitude weaker than the corresponding for ordinary charge scattering.


















where f and fm are the magnetic and charge form factors and 〈M〉 is the magnetic
order parameter, whose value is 1 when the system is magnetically saturated at
low temperature. Whereas the magnetic scattering cross-section σmag involves
only the electrons occupying partially filled shells (Zmag), σcharge is extended to all
electrons in the core and valence bands (Z). Additionally, the energy dependence
of the resonant magnetic scattering further diminish their relative value in a factor
of h̄ωk/mc
2. For this reason, only the significantly larger flux of photons achieved
in a synchrotron source can compensate for the weak resonant scattering-cross
section, making possible the conventional application of this technique in the
investigation of magnetic materials.
A further consequence of the small resonant cross-section is manifested in the form
of strong sample dependency. High crystalline quality crystals that maximise
the number of spins interacting coherently with the x-ray beam are crucial. In
9In the case of ferromagnetic structures or antiferromagnets with propagation vector at the
gamma point, x-rays will not see the magnetic signal, since the magnetic contribution is too
weak compared to the charge one and both peaks are coincident in the reciprocal space. In
this matter, neutron scattering is a superior probe, the comparable magnitude of nuclear and
magnetic scattering allows the discrimination of overlapping peaks.
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other respects, quantitative analysis of the scattering intensity is rather complex
as for any second order perturbation process. Frequently, computational aid is
needed to quantify the individual contribution of the different factors affecting
the observed peak intensities.
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In this chapter, I will begin by presenting a general view on the evolution
of high-pressure science and continue by describing the state of art of HP
instrumentation dedicated to x-ray experiments. In Section 3.3, I will explain
the general considerations for the preparation of HP diamond anvil cells and the
particular procedures followed in the REXS experiments conducted in this thesis.
A brief description of the two HP setups employed in the experiments presented
in Chapter 5 is also provided in the last section of this chapter.
3.1 A brief introduction to the high-pressure field
The field of high-pressure physics started to catch the attention of the scientific
community in the last decades of the 19th century when some geologists were
interested in reproducing the formation conditions of minerals in the laboratory.
It was in the first years of the 20th century when the field blossomed thanks
to the prolific work of Percy W. Bridgman [104]. The American scientist was
a pioneer in developing novel instrumentation to study the behaviour of matter
up to pressures 10,0000 times larger than the value we experience in our living
room. He came up with a system of two opposed anvils in contact through a small
flat area that were pressed against each other by actuating firstly a lever-arm,
and lately, an hydraulic press (see Fig. 3.1). Using this system, Bridgman was
able to evaluate volumetric properties, equations of state, thermal-conductivity,
viscosity or the electrical resistance of different materials under pressure [104]. His
remarkable contribution setting-up the foundations of the high-pressure research
was recognised by The Royal Swedish Academy of Science with the Nobel Prize
in Physics in 1946 [105].
A new exciting scientific field was born and ready to be explored. Since the
discovery in 1797 that diamond was made of pure carbon [107], chemists tried
to find the procedure to synthesise diamond in the laboratory out of graphite.
This goal became one of the main targets of the high-pressure field during its first
decades of life. It was in the mid-twentieth century thanks to the technological
outbreaks that led to the construction of the large-volume press, when two
independent research groups succeeded at the General Electric Company (GE) in
the United States and the ASEA (Swedish Electrical Company). The obtention
of synthetic diamonds was accomplished very close in time by the two teams,
nevertheless it was first claimed by the GE group in 1955 [108, 109].
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Figure 3.1 Schematic drawings of A. Bridgman anvils and B. Bridgman hydraulic press
with detail of the different components from [106]. The anvils, made of
tungsten carbide (WC) are placed between the pistons of an hydraulic press.
The sample assembly is composed of a nickel sample ring (0.25 mm thick)
sandwiched in between two platinum-rhodium sheets (0.02 mm thick).
The possibility of producing synthetic diamonds in a controlled form, made
it affordable to replace the original tungsten carbide anvils from Bridgman’s
apparatus with diamonds. In 1959, once again, two separate teams at the
National Bureau of Standards (NBS) [110] and the University of Chicago [111]
presented the first Diamond Anvil Cell (DAC). In this new device, a solid sample
was placed between the flat tips of two opposed diamonds with brilliant cut and a
lever-arm mechanism was used to generate pressure. Fig. 3.2 shows a schematic
diagram of the device to illustrate the mechanism and a picture of the original
DAC created at the NBS [110, 112]. The use anvils made of the hardest natural
material known to the date, allowed to expand the pressure limit up to 40 GPa in
the early 70’s [113, 114]. Additionally, diamonds are not only good at conveying
pressure, they also are excellent optical windows highly transparent in a wide
range of the electromagnetic spectrum. In particular, their optical transparency
in the visible allowed to position the sample by direct observation under the
microscope, likewise improving the alignment (parallelism of the anvils) and to
use a number of spectroscopic techniques as diagnostic tools.
Initially, a solid sample was directly placed between the two flat surfaces of the
anvils but soon A. Van Valkenburg introduced the idea of using a perforated
gasket made of a soft material to prevent the sample from extruding out of the
area of contact and to be able to study liquid and gas materials [115, 116]. The
use of gaskets also provides a more even distribution of pressure along the sample
chamber. When the anvils touch directly, “dry contact”, a pressure gradient
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Figure 3.2 A. Schematic cross-section diagram of the original diamond ”squeezer” for
infrared transmission studies up to 3 GPa created at the NBS by Weir,
Lippincott, Van Valkenburg, and Bunting in 1959 [110]. B. Picture of the real
device now on display at the National Institute for Standards and Technology
(NIST). Pictures taken from [112].
appears radially to the direction of compression with the maximum value in
the centre of the cullet (see Fig. 3.3). In this situation pressure is considered
uniaxial along the direction of the applied force. A different case occurs when
using a metallic gasket with a small hole sandwiched between the tips of the
anvils creating a small chamber. This space is filled with the sample and a
pressure transmitting media (PTM), a substance that conveys pressure and avoids
the collapse of the cavity when compressing. In these conditions the pressure
profile along the sample chamber is uniform and the system is considered quasi-
hydrostatic.
Hydrostatic pressure is a thermodynamic quantity extensively covered in most
text books, whose effect is intrinsic to the material and can be described
theoretically. It is crucial to keep the system as close as possible to the ideal
hydrostatic regime in order to evaluate correctly the effects of pressure. In this
respect, a key finding was done by G. J. Piermarini et al. in 1973, who discovered
that the mixture 4:1 Methanol-Ethanol remains hydrostatic up to 10 GPa at room
temperature [117]. A few years later, in 1979 helium gas was also found to be an
excellent PTM [118]. Hydrostaticity is not only important to reproduce correctly
the experimental observations using theoretical calculations, but to accurately
measure the level of pressure in the sample chamber, since most pressure scales are
sensitive to the normal and shear stresses generated in non-hydrostatic conditions
[119].
In parallel to these discoveries, great effort was also made from the designing
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Figure 3.3 Pressure distribution across the diamond anvils in A) uniaxial and B)
hydrostatic conditions (green line). In absence of gasket, there is a gradient
of pressure across the diamond culet with the maximum value in the centre
of the anvil. When using a gasket the pressure profile is constant along the
sample chamber.
point of view to extend the range of pressure accessible using DACs. In 1978, H.
K. Mao and P. M. Bell presented a novel cut for diamond anvils with bevelled
tips [120], which combined with a piston-cylinder cell [121], pushed the pressure
limit up to the megabar regime. Using this system, A. L. Rouff was able to reach
a record pressure of 416 GPa in 1990 [122]. More recently, following the same
inspiration, alternative anvil designs proved that it is still possible to extend the
pressure limit even further. In 2016, N. Dubroviskaia claimed to reach static
pressures beyond 1 TPa using a double-stage diamond anvil cell [123]. In the
double stage set-up two opposed nano-polycrystalline diamond (NPD) semiballs
are placed on top the cullet of the main anvils and pressed against each other
through the spheric surface (see Fig. 3.4). However, despite the remarkably high
value of pressure, it is substantially difficult to reproduce this method consistently
[124]. Alternatively, last year two independent works presented by A. Dewaele
[125] and Zs. Jenei [126] proposed the use of anvils with a toroidal cut in the tips
that provides a more stable tension in the central area of the culet and prevents
the gasket outflow. The toroidal cut allows one to reach static pressures above
600 GPa. A schematic view of the different diamond anvil geometries mentioned
in this text can be seen in Fig. 3.4.
To summarise the information provided in this brief introduction, a timeline
comprising the main milestones of the high-pressure field is illustrated in Fig.
3.5. In the following section, an overview of the state of the art of the HP
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Figure 3.4 Schematic diagram of the different geometries for diamond anvil culets
mentioned in this text adapted from [127].
instrumentation dedicated to x-ray experiments is given.
3.2 Review on high-pressure instrumentation for x-ray
experiments
x-rays have been one of techniques most widely used to track the alterations
induced by pressure in matter. Structural transitions towards new crystalline or
amorphous arrangements take place upon applying pressure and in many cases,
the resulting structure can be solved by analysing the diffraction pattern produced
from the interaction with x-rays. Keeping this idea in mind, even previous to the
invention of the DAC, scientists attempted to study the crystalline structure of
different materials under pressure using anvils made of light elements (low Z),
that poorly interact with the x-ray radiation [128]. At this stage, beryllium was
the most common material, a steel-grey, strong, light-weight (Z = 4) and brittle
alkali earth metal, highly transparent to the x-ray radiation that allowed the
collection of the scattered diffraction peaks passing through. However, beryllium
is toxic and does not allow optical visualization of the sample. For these reasons,
in the early 1950s, it started to get substituted for diamond anvils [129], remaining
just as a material for seats, gaskets or body parts in HP instruments.
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Figure 3.5 Timeline of the key milestones of the high-pressure research field.
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Figure 3.6 Possible scattering geometries for x-ray experiments using DACs. From
left to right, transmission or Laue geometry, reflection or Bragg geometry
(backscattering) and transverse geometry. For this last, the gasket material
traditionally employed is beryllium. Shaded area represents the scattering
angle allowed for the outgoing beam.
The first x-ray experiments under pressure were conducted on polycrystalline
samples directly compressed between the anvils with no gasket [110–113, 130]. In
these studies, x-rays with different scattering orientations, were passed through
one or both of the anvils (transverse and transmission geometry, see Fig. 3.6),
and the diffracted peaks were collected using a photographic film. Most of the
DACs employed at that time were able to operate at several tens of kilobars,
reaching a record pressure of 300 kbar (30 GPa) using the design proposed by
William A. Bassett in 1967 [113]. This cell included a novel rocking mechanism in
one of seats supporting the anvils that allowed to adjust the parallelism between
the culets and therefore, to take full advantage of the mechanical strength of
diamonds (see Fig. 3.7).
Experiments on single crystals arrived together with the introduction of metallic
gaskets. Besides the possibility of compressing materials in gas and liquid phase,
the use of gaskets threw the doors wide open to the study of single-crystals thanks
to the hydrostatic conditions provided by PTM. Using this methodology, in 1965,
Block, Wier and Piermarini were able to grow a single crystal of the phase VI of
water under pressure and solve its structure using x-ray diffraction [132]. This
same team, a few years later, proposed a version of the NBS-DAC (Fig. 3.2)
entirely made of Beryllium that allowed to collect diffraction peaks from a wider
section of the reciprocal space up to 4 GPa [133]. Since then, a number of designs
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Figure 3.7 Cross section of the diamond anvil press by Bassett et al. from [113]. A
- diamond anvils; B - stationary piston; C - sliding piston; D - driver screw;
E - collimator; F - film cassette; G - cassette mounitng rods; H - cassete
tranlating bars.
Figure 3.8 A. Merrill-Bassett DAC mounted on a goniometric head to couple with an x-
ray diffractometer. B. Diagram of the cell with detail of the different parts. (1)
- Stainless steel platens; (2) - Beryllium disks; (3) - Inconel gasket; and (4) -
diamond anvils. Image from [131].
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have been proposed to perform single crystal HP x-ray experiments [134–138].
Among all these pressure cells, Leo Merrill and William A. Bassett published
one of the designs most widely used for HP x-ray experiments up to our days
[131]. Unlike previous cells where the alignment was based on piston-cylinder
mechanisms, the Merrill-Bassett cell (MB) presents three pins that links the two
body parts hosting the diamonds, limiting the relative displacement with respect
to each other (see Fig. 3.8). The cell is locked by tightening three screws, that
also provide the driving force to increase pressure. In this design, the absence of
concentric cylinders to define the position of the anvils or lever-arm mechanisms
to generate pressure, leads to a significantly lighter and smaller body, with a wider
opening angle that maximizes the access to the reciprocal space in transmission
geometry. In the original version of the MB cell, the anvils were glued directly on
the surface of two flat beryllium seats with no additional mechanism for rocking
alignment and optical access was provided through a small perforation in the
centre of the seats. This cell is been extensively used to study single-crystals
under moderate pressures since its invention to the present day.
The next advance of special interest for the design of HP-REXS instrumentation is
the introduction of cryogenic conditions. In order to operate at low-temperature,
the pressure cell needs to be located inside a cryogenic vessel and it requires
mechanisms to be actuated remotely. Different factors such as the thermal
expansion, the thermal conductivity or the increased friction of the materials
at LT become significant and need to be considered in the design of dedicated
HP instrumentation.
Already in the mid 70s, different research groups tried to obtain information
about the behaviour of matter at LT. The first attempt in this direction was
performed using Bridgman anvils actuated mechanically by an assembly of rods
and lever arms [139]. The set-up published in 1974 by Hawke et al., was initially
designed for optical measurements through a sapphire anvil, but soon K. Syassen
and collaborators presented a new version adapted for x-rays [140], with anvils
made of tungsten and boron carbide and the scattering plane perpendicular to
the direction of compression (see Fig. 3.9).
More or less in the same space of time, a different actuating approach was adopted
by D. U. Gubser and A. W. Webb, in order to study the effect of pressure in the
superconducting transition of Aluminium [141]. This study was conducted by
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Figure 3.9 First mechanically driven high-pressure cell for x-ray experiments at low-
temperature proposed by Syassen in 1978 [140].
using a DAC integrated in the circuit of a dilution refrigerator. The pressure
cell was hydraulically actuated by circulating liquid 4He through a system of
bellows that generates more or less force depending on the amount of flow passing
through. Although this setup did not allow optical observation of the sample
and did not involve the use of x-ray radiation, together with the example just
mention before set the foundations for the actuating mechanisms employed to
operate high-pressure cells at LT, mechanical (gear box, lever arms and rods)
and pneumatic/hydraulic (membranes, bellows and diaphragms). Since then,
several design variations have been proposed based on these mechanisms and a
number of cells have been built to operate at low-temperature [142–148]. In the
following, a brief description of the most relevant examples of DACs that have
been of inspiration for the present work is provided.
The first example of this list is the design proposed by R. Le Toullec and
collaborators in 1991 [149, 150], a pneumatically-driven DAC able to reach 15
GPa of pressure at temperatures as low as 45 K using flat diamond anvils. Later,
using bevelled anvils, this cell has been employed successfully at higher pressures
in a number of studies [151–153]. Le Toullec’s cell mirrors the MB design with four
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Figure 3.10 Le Toullec’s membrane-driven DAC [149]. In this cell a metallic membrane
made of a rigid frame and a flexible metallic sheet was used to generate
pressure at low-temperature.
guiding pins for alignment and four screws as locking mechanism (see Fig. 3.10).
It presents a symmetric aperture of 90 degrees in both sides with the diamond
anvils glued onto beryllium seats. Despite the scattering angle is similar to the
one from the original MB cell, in this case the beryllium seats present a semi-
spherical shape in order to generate a more homogeneous path for the incident
and diffracted beams. In this way, regardless the angle, the thickness of material
crossed by the beam remains constant and the absorption corrections employed
to process the peak intensities can be applied more accurately.
In Le Toullec’s design, the gas membrane -consisting in a rigid frame and a flexible
metallic sheet- is externally attached against the cell using a can-type enclosure
that covers most of the cell body. Then, by inflating the membrane with helium
gas, an axial thrust is generated that pushes the moving half of the cell body
against the fixed one. The major issue of this design may arise from the fact that
the can-type enclosure represents a big increase of the overall mass of the cell
inside the cryostat, limiting the minimum temperature reachable. In addition,
the friction arising from a possible contact between the moving half the body and
the internal wall of the can, could result in a dissipation of the transmitted force
reducing the efficiency of the actuating mechanism.
Turning now into a higher regime of pressure, anvil cells based on the Mao-
Bell design seems to be more stable than the multi-pin DACs. The original
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Figure 3.11 Images of the short-cylinder (left) and panoramic (right) variations of the
Mao-Bell DAC design. Images adapted from [156].
design proposed by H.K. Mao and P. M. Bell [120], based on a piston cylinder
mechanism for alignment, has been modified in different ways in order to make
it more suitable for x-ray experiments. The most popular variations introduced
for this purpose are the so called panoramic and short cylinder DACs (see Fig.
3.11). The panoramic-DAC [148, 154], presents a number of radial apertures along
the cylinder section that allow a large access to the reciprocal space in transverse
geometry. A recent example of this design, specially built for LT nuclear resonant
inelastic x-ray scattering (NRIXS) [155], presents two radial apertures, each with
140 degrees equatorial angle and 68 degrees along the DAC axis, that allow
continuous access to a wide portion of the reciprocal space using beryllium gaskets
(see Fig. 3.12). Pressure can be modified either by tightening the locking screws
or by coupling a gas membrane, and values up to 1.4 Mbar can be reached. The
cooling power is given by a flow of helium circulating through the holder hosting
the cell in the cryostat that is able to to reach temperatures below 10 K at the
sample level. In parallel to the panoramic design, another variation of the Mao-
Bell cell especially suitable for x-ray experiments in transmission through the
anvils, consist in shortening the piston-cylinder length to symmetrically enlarge
the scattering solid angle (see left picture in Fig. 3.11).
A different design approach was recently adopted by Jin et al. [157], inspired
in the miniature turn-buckle cells used for HP measurements in commercial
magnetometers [158, 159]. This pressure cell presents remarkably compact
dimensions, 9 mm of diameter and 7 mm of height, and it can be operated
in transmission and reflection geometries through a symmetric solid angle of 80
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Figure 3.12 Panoramic DAC for low-temeperature nuclear resonant inelastic x-ray
scattering by Zhao et al. [155].
Figure 3.13 Miniature x-ray DAC by Jin et al. [157]
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degrees reaching a maximum pressure of 15 GPa (see Fig. 3.13). Thanks to
its small size, it is possible to couple with an Oxford cryostream device that
allows fast temperature adjustment down to 100 K [160]. From our particular
experience, this is a very efficient setup when moderate values of pressure and
temperature are needed. However, the formation of ice below 150 K might become
a recurrent problem when the nitrogen flow gets disturbed by the cell rotation
during the experiment. Additionally, pressure tuning cannot be done remotely,
it requires one to dismount the cell from the goniometric head and realign the
sample every time we need to modify the pressure value. A version of this cell
machined in a NiCrAl alloy, has been used to obtain some of the experimental
data shown in Chapter 5.
Finally, narrowing down to specific designs for x-ray resonant experiments, two
approaches can be found in the literature differing in the strategy employed to
overcome the critical absorption from the diamond anvils. This is a crucial aspect
in the design, since for anvils of standard thickness the transmission below 7
keV is only marginal (see Fig. 3.19). The first example makes use of a pair of
wide-angle partially perforated diamonds with a solid angle of 60 degrees [11].
The second approach exploits the partial transparency of beryllium working in
reflection geometry through the gasket [18]. In the first case, the wide partial
perforation reduces the total thickness of diamond crossed by the x-ray beam
under 1 mm, which in turn allows the use of excitation energies below 7 keV
otherwise restricted. A schematic diagram of these anvils can be seen in Fig.
3.14. This is the approach adopted at the Advanced Photon Source (APS) in
the USA. They employ a can-type membrane DAC similar to Le Toullec’s cell
(see Fig. 3.10), that allows one to reach remarkably high-pressures around 17
GPa for anvils of 800 µm of culet size [11]. This cell can be integrated into a
Gifford-McMahon 4K-cryocooler for temperature regulation.
The second approach was proposed by by Kernavanois et al. [18] and it is mainly
employed at the ESRF in France. It consists in a multi-pin anvil cell machined
in a CuBe alloy and designed for operating in reflection geometry through a
beryllium gasket (see Fig. 3.15). In this configuration, the scattering plane
lies within the equatorial section of the gasket and it is only limited by the
three pillars responsible from the alignment. However, in the axial direction
the scattering window is restricted to ± 2-3 degrees respect to the gasket plane
in order to avoid absorption from the diamonds. For this reason, the position
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Figure 3.14 Wide angle partially perforated anvil and pressure cell for resonant x-ray
experiments by Feng et al., adapted from [11]. Detail of the incoming and
outgoing scattering wavevectors ki and kf .
Figure 3.15 Diamond anvil cell for RMXS experiments in reflection geometry through
the beryllium gasket. Images adapted from [18]. Detail of the incoming and
outgoing scattering wavevectors ki and kf respectively, and the scattering
vector Q.
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Table 3.1 High-Pressure cell designs for x-ray diffraction experiments at low temperature
and principal characteristics (pressure range (Prange), actuation mechanism,
scattering geometry, opening angle and minimum operational temperature
(Tmin).
Pressure cell Prange Actuation Scatt. Geometry Op. Angle Tmin
Bridgman type Syassen [140] 6 GPa Mechanical Transverse mK
Mao-Bell Panoramic Zhao [155] Mbar Membrane Laue/Bragg 140o Equatorial < 10 K
68o axial
Short piston Mbar Membrane Laue/Bragg < 10 K
Multi-pin Le Toullec [149, 150] 50 GPa Membrane Laue/Bragg 90o 46 K
RMXS-Kernavanois [18] 3 GPa Mechanical Transverse 120o Equatorial 1.4 K
4o axial
RXS-Anvil perforation [11] 17 GPa Membrane Bragg 60o 4 K
m-RXS (this work) [1] 20 GPa Membrane Bragg 100o 30 K
Miniature DAC Jin [157] 15 GPa Mechanical Laue/Bragg 80o 80 K
of the reflections of interest needs to be carefully considered during the sample
preparation and the cell loading, so the scattering condition is coincident with
the narrow axial aperture. Thick crystals and large anvils are needed in order
to maximise the surface of sample scattering the x-ray beam and therefore to
amplify the magnetic amplitude, which limits the maximum pressure achievable.
Kernavanois’ cell is designed to couple with a modern version of the Orange
cryostat originally designed at the Institut Laue-Langevin (ILL) in France [161].
In this cryostat, a system of rods allows continuous tuning of pressure up to 3 GPa
in the whole range of temperature between 300 and 1.4 K using big Moissanite
anvils 2 mm in culet diameter.
To summarise, the key characteristics of the pressure cell designs mentioned in
this text are listed in table 3.1. In the next section, I will describe the main steps
followed in the preparation of HP-REXS experiments.
3.3 Main parts and basic handling of diamond anvil
cells for REXS experiments
From the information provided so far, one can deduce that the essential
components common to all the pressure cells based on the opposed-anvil
mechanism are: the anvils (diamonds in many cases, but also some softer
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Figure 3.16 From left to right, illustration of the assembly of the main components of a
diamond anvil cell: opposing diamond anvils, metallic gasket and sample
space. Far right, detail of the elements placed in the sample chamber:
sample, PTM and pressure marker.
materials such as sapphire or moissanite that can be used for moderate pressures),
the baking seats, the gasket and the cell body. Likewise, one can see that the
general idea behind its operational mechanism is to create a cavity between the
flat tips of the anvils by sandwiching a hole drilled in the centre of the indentation
of a metallic gasket (see Fig. 3.16). This cavity is filled with sample, pressure
transmitting media and pressure gauge, and compressed by bringing the two
anvils together using different mechanisms. The criteria followed for the selection
and preparation of each component are detailed in the following.
Anvils selection. The first aspect to consider when planning a HP-REXS
experiment is the selection of the anvils based on the experimental environment
and the demands of the probing technique. There are different anvil-cut
geometries in the market in order to satisfy the needs of different experimental
conditions [162]. For x-ray experiments in transmission geometry, the so-called
Boehler-Almax (BA) cut [163] is particularly beneficial for two reasons. This
anvils present conical support that reduces its thickness and enlarges significantly
the scattering angle. Both parameters crucial in HP-REXS experiments. In Fig.
3.17 is a schematic representation of anvils of standard and BA cut for clarity.
The maximum value of pressure achievable is largely dictated by the size of the
culet. Considering the definition of pressure P = F/A, where F is the force
applied perpendicular to a surface of area A, the smaller the culet the higher is
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Figure 3.17 Geometry of the standard design and the Boehler-Almax (BA) cut for
diamond anvils. The conical support of BA anvils reduces the anvil
thickness and enlarges the scattering angle (α).
Figure 3.18 Maximum pressure as a function of culet diameter. The dashed line refers
to the fit of Dustan and Spain [164], the dotted line refers to the fit of Ruoff
et al. [122] and the red line to the fit of O’Bannon et al. [127] from where
this figure is adapted.
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the pressure achieved for the same value of applied force. But not only the culet
dimensions, also the shape of the tip is a conclusive factor. Bevelled, double-
stage and toroidal anvils are able to withstand higher values of pressure than flat
anvils. One can find some examples in the literature analysing the dependency
of the culet area and the maximum pressure reachable [122, 127, 164]. In Fig.
3.18 are represented the results obtained recently by O’Bannon et al. [127] that
reviewed the maximum pressure achieved and the culet size of 224 high-pressure




where d is the diameter of the culet in microns and Pmax in GPa is the maximum
value of pressure reached. This equation can be used as a guide in order to
choose suitable dimension of the anvils for our pressure experiment. The authors
observed a deviation from the fitting for culet diameters > 400 µm, attributed to
the fact that for this size of anvils, diamonds are reused in several experiments
and not taken up to their pressure limit.
In x-ray experiments, the most important interaction between anvils and
radiation arise in the form of absorption and diffraction. Diamond is highly
transparent to the x-ray radiation in the range of energy typically used for
conventional HP diffraction experiments (20-200 keV). However, below 7-
8 keV the absorption becomes high enough to compromise the viability of
HP-REXS studies. This regime of energy is particularly important for x-
ray spectroscopy techniques such as x-ray absorption scattering (XAS), x-ray
magnetic circular/linear dichroism (XMCD/XMLD respectively) or resonant x-
ray scattering (RXS). In these cases, the energy of the incident beam is tuned to
the absorption edge of the elements involved in the phenomenon of interest, many
times below the threshold imposed by the diamond absorption. In Fig. 3.19, we
can see the transmission of x-ray radiation through diamonds of different thickness
in the range of energy between 6 and 15 keV [165, 166]. The dotted vertical lines
represent the value of the energy of the absorption edge of some common elements
of interest for this thesis. The total thickness of diamond crossed by the x-ray
beam is double of the thickness of one anvil (incoming and outgoing beam). Thus,
for standard anvils 2 mm thick, the x-ray beam would cut a total length of 4 mm
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Figure 3.19 In logarithmic scale, x-ray transmission through diamond anvils of thickness
between 1.0 and 2.0 mm for the range of energy between 6 and 15
keV calculated from [165, 166]. The solid line represents the thickness
of the anvils employed in the pressure cell proposed in this work. The
dotted vertical lines represent the energy values of some absorption edges
relevant for the studies carried out during this thesis.
of anvil material and the transmission would become critical below 9 keV.
This problem can be mitigated by decreasing the thickness of the anvils at
the expense of weakening their strength, as shown previously for the partially
perforated diamonds. Similar setups combining a partially perforated anvil and a
fully perforated one that acts as backing seat of a small anvil glued on top, have
been also extensively used in XMCD experiments [167].
The second challenge to be overcome is the overlap of the Bragg peaks from
diamond with the diffraction pattern of the sample that induces severe distortion
of the signals. Different strategies have been tried in order to correct this
issue, from rotating the pressure cell so the Bragg peaks from diamond do not
meet the diffraction conditions any more, to the use of complex masking post-
processing procedures. Recently, a better solution was found in the use of poly-
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Figure 3.20 Diamond-type classification based on the presence or absence of nitrogen
and boron impurities and their configurations within the diamond lattice.
crystalline nanodiamonds [168, 169]. This kind of anvil consists of randomly
oriented diamond grains of tens of microns in size, so that Bragg’s law is always
satisfied for any angle and photon energy. Thus, they provide a smooth glitch-
free background resulting from the average of all the diamond grains in random
orientations. This solution has been exceptionally beneficial in XAS and EXAFS
(Extended x-ray Absorption Fine Structure) experiments. For the case of REXS,
thanks to the spatial resolution of small area detectors, usually it is possible to
discriminate between peaks separated by 1 degree in the reciprocal space, which
makes a small rotation of the cell sufficient to displace the diamond peak out of
sight.
Finally, possible internal defects or impurities in the crystalline structure of
diamonds may cause stress and failure. Diamonds present particularly high
compression strength along the crystallographic direction [100], hence this is the
preferred orientation with the culet of the anvil perpendicular to it. However, the
presence of defects or impurities can act as a centre of nucleation for cracks under
compression. Diamonds can be classified into two types (I and II) based on the
presence or absence of nitrogen impurities, and further subdivided according to
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Figure 3.21 Anvils alignment process. Good alignment is accomplished when the anvils
are concentric and parallel. On the far left, view under the microscope
of non-concentric anvils. On the right, different stages improving the
parallelism from left to right until full alignment is completed (far right).
the arrangement of nitrogen atoms (isolated or aggregated) and the occurrence
of boron impurities (see Fig. 3.20). In general, pure synthetic diamonds
(type IIa) present superior optical and mechanical properties, however for some
experimental environments, e.g. high temperature, the presence of isolated single
nitrogen impurities (Ib) can be beneficial in terms of mechanical strength. The
specific optical and mechanical properties of each type can be found elsewhere
[162, 170, 171].
Anvils gluing and alignment. Once the suitable anvils are chosen, the next
step is to mount them on the backing seats. The seats are the pieces directly
supporting the diamonds, usually made of hard materials such as tungsten
carbide (WC) or alloys as Inconel. This is an important part of the pressure
cell. The quality of the contact between anvil and seat is key to reach a good
pressure distribution and to avoid punctual stress that may cause failure. It is
very important to ensure that the surface of contact between seat and anvil is
completely clean. The seats present a conical aperture in the side opposite to
the anvil that will determine the angular access to the sample chamber. They
are moving parts responsible of the fine alignment of the anvils in the pressure
cell. In some cases, one of them presents hemispherical shape in order to provide
an extra degree of freedom to adjust the axial parallelism (rotation around z),
whereas the other seat is usually cylindrical and allow the adjustment in the x
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Figure 3.22 Jigs for anvils gluing.
and y directions using a set of precision screws located in the cell body. The
alignment of the anvils consist in making them parallel and concentric respect
to each other. This process needs to be done under the microscope by observing
the lateral match of the tips and the birefringence lines (interference of light)
that appear when the culets are close together. As the parallelism of the anvils
increases, the interference lines get broader until disappearing as shown in Fig.
3.21.
Prior to the alignment, the anvils need to be fixed onto the seats using glue. It
is important to ensure that the culet is parallel to the base of the seat, especially
for cells with no hemispherical adjustment. In order to do so, one can use a jig, a
mechanical clamp to temporarily fix the position of the anvil on the seat during
the gluing process. This accessory allows the free movement of the anvil and
seat under the microscope to check their relative position. This is particularly
beneficial when using anvils with BA cut, where the conical shape of the support
usually allows slight tilts when mounting the anvils. Figure 3.22 shows a picture
of the jigs employed for the preparation of the experiments conducted in this
thesis.
Different glues can be used for this purpose. Some of the most common
are: Hysol-9514, Araldite-Rapid, Stycast-2851, Stycast-1266 or Loctite Double-
Bubble. The particular properties of each of them can be found elsewhere [172–
175]. Hysol-9514 and Araldite-Rapid showed the best performance in cryogenic
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conditions. Stycast-1266, which is specially formulated for working at LT,
presents very low viscosity and it easily runs between anvil and seat during the
gluing process.
Gasket. Once the anvils are aligned, the next step is the preparation of the
gasket. The selection of the material and its thickness is crucial, since it plays a
key role in the maximum pressure achievable. Additionally to the encapsulation of
the sample, gaskets also provide lateral support thanks to friction with diamonds,
without which the anvils would not survive above 30-40 GPa of pressure [171].
The gasket material selection is based on the range of pressure, the hardness of the
anvils and the background signal. The ideal material needs to be softer than the
anvils, but sufficiently hard to prevent them from getting in touch at the highest
pressure. In compression, the gasket undergoes plastic deformation reducing its
thickness and “work-hardening”. The latter consists in the increase of the yield
strength induced by the accumulation of crystalline dislocations that prevent the
nucleation of new defects. This is the process occurring during the indentation
that limits the extent of further gasket deformation during the real experiment.
In a large percentage, the materials employed as gaskets are metals. Nevertheless,
some applications demand insulating, non-magnetic or x-ray transparent gaskets.
In these cases, the addition of non-conducting inserts (MgO, Al2O3, cBN)
can provide insulation for the introduction of electrical contacts in the sample
chamber. Materials such as high-strength beryllium [148], amorphous boron
epoxi [176] or kapton belts [177] have been used for x-ray transparency, and in
the case of magnetic measurements, CuBe is widely employed. Table 3.2 shows
an overview of materials commonly used for gaskets along with the value of some
of the mechanical properties of interest for this purpose: shear modulus, bulk
modulus, yield strength and ultimate tensile strength (UTS).
For the experiments conducted in this thesis, stainless steel was found to meet
the mechanical properties needed while, showing minimal interaction with the x-
ray beam. The emission lines of Fe, Kα2 (6.390 keV) and Kβ1 (7,057.98), are far
enough from the Ir L3 absorption edge (11.215 keV) employed as the excitation
energy in our experiments. Thus, it is possible to discriminate completely the
fluorescence arising from the gasket material using the detector energy threshold.
Other materials as tungsten (W) or rhenium (Re) were tried, finding that the first
becomes brittle at low temperature and the second provides intense fluorescence
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Table 3.2 Gasket materials and values of the correspondent mechanical properties of
interest for this purpose. Shear modulus, bulk modulus, yield strength and








Stainless-Steel 301-FH 78.0 200 965 1276
Tungsten 156 400 750 980
Rhenium 176 469 290 1070
Berylco25 50 130 1130 1310
Beryllium I-220H Grade 2 135 303 345 448
Inconel X750 210 850 1250
hampering the detection of the magnetic signals.
Indentation. The typical initial thickness of a gasket foil is 0.2 - 0.3 mm. In
first place, the metallic sheet is compressed between the anvils reducing its width
and undergoing plastic deformation and hardening.
In order to make the indentation of gaskets a reproducible process, it is possible
to use different methods to track the degree of indenting following the pressure on
the culet using ruby chips, measuring the force applied using a load cell, checking
reduction in thickness of the cell using micrometers or inspecting visually the
growth of the indentation walls under the microscope.
This process is traditionally done using the actual cell that will be employed later
in the pressure experiment. In these conditions, the anvils work within the ‘dry
contact’ regime and are exposed to a pressure gradient from the edge to the centre
of the culet as shown in Fig. 3.3. In this situation, the anvils can be exposed to
much higher pressure than in the real experiment using a drilled gasket (especially
for big culets), which may lead to failure. This problem can be solved by using
indenters with anvils made out of hard materials such as tungsten carbide that
makes the process faster and do not put the diamonds at risk.
In Fig. 3.23 is the indenter employed for preparing the gaskets used in the
miniature x-ray DAC [157]. In this case, a SPECAC press [179] and a load cell
[180] were used to generate and track the uniaxial force applied. An average force
of 1.8 - 2.1 kN was enough to obtain consistent indents of 100 µm out of steel
sheets 250 µm thick in origin.
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Figure 3.23 Set-up for gasket indentation. Left: SPECAC press, and load cell assembly.
Top-right, detail of the indenter set-up and the load cell employed to
measure the force. Bottom-right, detail fo the tungsten carbide anvils and
the indenter body.
Figure 3.24 Spark-eroder machine for gasket drilling from Hylozoic Products.
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Drilling. Drilling a hole in the centre of the indentation, one can create a cavity
that will host the sample. The size of this hole should be between 1/2 and 1/3 of
the size of the culet and it must be centred in both sides of the indentation. Off-
centred holes mean either bad anvil alignment or non-perpendicular drilling, both
potential causes of uneven gasket deformations and experimental break down.
Different methods can be employed for hole drilling, from mechanical manual
drill to laser cut, or sparking erosion. This last is perhaps, the most used for
experiments in a moderate regime of pressure where the final thickness of the
indentation is above 50 µm. Laser drilling may be more convenient for gaskets
with very thin indentations employed in the megabar regime. For the experiments
conducted in this thesis, the sparking-erosion setup in Fig. 3.24 was employed
for gasket preparation.
Cell loading. Once the gasket is drilled, it is mounted on top of the bottom
anvil, if possible keeping the same orientation as when indented for better match
with the anvil shape and better sealing. Then, it is time to start the loading of
single-crystal, pressure medium and pressure gauge in the sample chamber.
Pressure transmitting media. The pressure transmitting medium (PTM) can
be a soft solid, a liquid or a condensed gas. Under enough compression all of them
eventually go solid, giving rise to anisotropic mechanical properties, i.e. strain
inhomogeneity, pressure gradient and non-hydrostaticy. The ideal PTM needs
to be soft enough to fully mould the shape of the sample chamber and to keep
isotropic properties in a wide range of pressure/temperature conditions, which
can be particularly challenging in the cryogenic regime.
Solid media such as NaCl, KCl or KBr present lower hydrostatic limit in
comparison with liquid or condensed gases. However, they are widely used in
laser heating experiments where thermal insulation from the anvils is needed.
Mixtures of organic fluids such as 4:1 Methanol-Ethanol (ME), 16:3:1 Methanol-
Ethanol-Water or 1:1 n-Pentane-isopentane present higher hydrostatic pressure
limits at room temperature, 10.4, 14 and 7.5 GPa respectively [181, 182].
The group of condensed gases includes He, Ne, Ar or N2. Gases are highly
compressible, for this reason, they need to be loaded either pre-compressed using
special equipment or condensed at low-temperature (cryo-loading). In order to
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load pre-compressed gases, the cell slightly opened is introduced in a gas chamber
perfectly sealed that is filled with the pressurized gas. Then, once the gas has
diffused into the sample chamber, the cell is closed remotely using a gear box.
The use of this equipment is particularly delicate due to the risk associated to
the handling of a relatively large volume of compressed gas. In the case of the
cryo-loading, the cell is immersed in the condensed gas at low temperature and
closed remotely in the same way (membrane or gear box).
4:1 ME and Helium are the PTM most commonly used nowadays. 4:1 ME
is a liquid in room conditions and is available in most of laboratories making
it particularly easy to employ, whereas the principal benefit of helium is that
it remains hydrostatic in a significantly large range of pressure at ambient
temperature [117, 183]. At 5 K, both become solid at above 0.02 GPa of pressure
and present similar in-homogeneity up to 20 GPa [184]. Thus, under cryogenic
conditions, it is not clear that one presents superior hydrostatic properties over
the other. Feng et al. also found that a large chamber-to-sample ratio (∼ 100:1)
is crucial in order to keep the quality of single-crystalline samples under pressure
[184, 185]. Since 4:1 ME presents lower compressibility, the volume of the sample
chamber remains bigger than for an equivalent loading made with helium and
consequently, it might be a better media for HP-REXS experiments [11, 185–
187].
A final consideration regarding the chemical inertness of the PTM needs to be
done. Since the absorption cross section depends on the energy of the exciting









for the range of energy employed in REXS, typically below 15 keV, the probability
of an absorption process to happen is higher than in ordinary HP x-ray
experiments typically conducted at higher energy. The absorbed radiation may
produce the excitation of atoms heating the medium, inducing chemical changes,
atomic displacements, etc. From our experimental experience, it is particularly
crucial to attenuate the intensity of the beam in order to prevent photo-induced
chemical reactions in the media. Fig. 3.25 shows some of the photo-induced




Figure 3.25 Pictures of the photo-induced reactions observed in the different
components of the pressure chamber after exposition to the x-ray radiation.
From left to right, kapton pin impregnated in Vaseline, single-crystal of
AgNiO2 loaded with 4:1 ME as PTM, and crystal of NaOsO3 loaded in the
same conditions.
Pressure gauge. Different methods are available for pressure measurement
based on the dependency of a physical variable with pressure. Some examples of
this are the shift of the luminescence bands of Ruby or Sm:YAG, the variations
in resistivity of the Manganin alloy or the contraction of the lattice parameters
of NaCl, Au, Ag or Pt upon applied pressure.
The shift of the luminescence bands R1 and R2 of Ruby upon compression is
perhaps, the method most commonly used for experiments with DACs. Ruby, 0.5
wt% Cr3+ doped Al2O3, presents a robust corundum structure free of structural
transitions up to 80 GPa [188]. The crystal field splitting of local Cr3+ energy
levels generates electronic transitions from the doublet 2E to the ground state 4A2
that give rise to the luminescence bands R1 and R2 (see Fig. 3.26). The position
of these lines presents a linear dependency with pressure up to 20 GPa, and
more complex sub-linear relationship above that have been described by several
authors [188]. Not only the position of the R lines is of interest as pressure
manometer, but also the splitting and width of the bands are sensitive to the
stress distribution and can be used as an indicator of the level of hydrostaticity.
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Figure 3.26 Luminescence diagram of Ruby and fluorescence spectra of the R lines at
ambient conditions.
The position of these lines also varies with temperature. With decreasing
temperature, the R-bands shift to higher energy, their widths decrease, and
the R2/R1 intensity ratio decreases as well [189–191]. The interplay of these
effects with pressure, despite it has been reviewed by several authors, is still
poorly understood, specially at low temperature and for pressures above 15 GPa
[184, 192–197]. Alternatively to Ruby, other optical sensors based on doped
oxide garnets such as Sm:YAG or Sm:SrB4O7 seems to show larger temperature
independence [191, 198].
A different calibration method based on the equation of state (EOS) of crystalline
materials is particularly useful for experiments involving x-rays. The materials
employed for this purpose are mostly ionic salts and metals such as Ag, Au, Pt
or NaCl [199–201]. In the case of the ionic salts, they can play a double role
as PTM and pressure gauge. By calculating the volume of the unit cell out of
the diffraction pattern of the standard, the EOS of the material can be used as
pressure gauge. This method is preferred over the ruby fluorescence scale for
pressures above 50 GPa, where the first seems to underestimate the value of
pressure [200]. However, a correction has been proposed based on this finding by
Dewaele et al. [200] that extends the range of accuracy of the ruby scale up to
100 GPa. Above this value, the fluorescence lines becomes weak and alternative
methods are required.
For experiments where optical access is not possible and no x-rays are involved,
other parameters as the significant increase of the electrical resistivity of a
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Manganin coil upon increasing pressure can be used as gauge [202, 203]. This
secondary pressure scale is widely used nowadays in dynamic compression
experiments in order to track continuously the evolution of pressure during the
period of action of the shock-wave.
3.4 High-pressure experimental setups
Two different high-pressure setups were used in the experiments conducted in this
thesis. The first one is the m-RXS DAC described in detail in Chapter 4, which
present an asymmetric design for operation in back-scattering geometry and an
opening angle of 100 degrees. This cell is membrane-driven and can be coupled
with a 4K-close cycle refrigerator (CCR) reaching a minimum temperature of ∼
30 K and maximum pressure of 20 GPa when fitted with diamond anvils of 500
µm culet.
The second setup consists in a Russian alloy (CrNiAl) version of the miniature
turn-buckle cell by Jin et al. [157]. This cell is approximately 9 mm × 7 mm
(diameter and height) and presents symmetric apertures of 80 degrees. It can be
coupled with a nitrogen 700 series cryo-stream cooler from Oxford-Cryosystems
[204] for temperature regulation between 100 and 400 K. In Fig. 3.27, it can be
seen a picture of the cell and the cryo-jet mounted on the diffractometer in one
of the experiments conducted on I16.
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Figure 3.27 Image of the TB-DAC mounted on the goniometric head on I16. Incoming
x-rays approach the cell through the pipe on the right and scattered light is
measured at the detector behind in transmission geometry. On the back of
the cell, is the set of slits situated at the detector entrance (square metallic
device). On the top-left corner is the nozzle of the cryo-stream cooler.
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This chapter presents the design of a HP setup for REXS experiments that
comprises a membrane-driven diamond anvil cell, a panoramic dome and an
optical system, which enables the measurement of pressure in situ under cryogenic
conditions. The proposed setup allows performing HP-REXS experiments
in back-scattering configuration up to moderate pressures of ∼ 20 GPa and
temperatures as low as 30 K. It is especially designed to get coupled with the cold
finger of a 4K-CCR (close-cycle refrigerator) unit and to be operated remotely by
pressurising helium gas into a thin metallic membrane. In the first section of this
chapter, the different factors considered for the design of the HP-REXS setup
will be discussed, prior the description of the final design and the evolution of the
different prototypes considered during the designing process. All the computer
aided design (CAD) drawings shown in this thesis have been generated using the
Solid Edge CAD software from Siemens [205].
4.1 Design motivation
As pointed out throughout this thesis, the powerful combination of spectroscopic
information via the access to the specific projection of the electronic density of
states, and crystallographic capability via the sensitivity to periodic arrangements
of electrons and magnetic moments in crystalline materials, provides a unique
source of information that has proven invaluable in understanding many complex
electronic phenomena. The introduction of pressure opens a new athermal route
to explore exotic electronic behaviours as quantum criticality, which otherwise
would only be accessible by chemical doping or applied external magnetic field.
Moreover, it represents an additional thermodynamic dimension to explore the
phase diagram of different materials. Despite the promise of a fertile field of
research, the lack of commercial instrumentation able to fulfil the experimental
demands of HP-REXS experiments results in a rather small number of HP-
REXS studies published in the literature [11–13, 186]. The following section will




Figure 4.1 Flowchart highlighting the main aspects considered in the design
of HP-REXS instrumentation: diamond absorption, space limitation,
material compatibility (x-ray interaction/low-temperature performance),
remote actuation and access to the reciprocal space (RS).
4.1.1 Experimental enviroment and demands for HP-REXS
experiments
The realisation of HP-REXS experiments requires the synergic cooperation
of three elements: synchrotron radiation, high-pressure instrumentation and
cryogenic conditions. Figure 4.1, summarises the different aspects to be
considered in the design of HP devices for REXS experiments that will be
explained in detail in the following lines.
As mentioned earlier in Chapter 2, the scattering-cross section arising from a
periodic correlation of electrons is several orders of magnitude weaker than the
correspondent for ordinary Thomson scattering. Only with the advent of second-
and third-generation synchrotron radiation sources that provide higher flux of
photons, did the study of correlated materials by REXS became possible [20, 76–
78, 80, 206]. In a REXS experiment the energy of the incident beam is dictated
by the elementary absorption edge that allows probing electronic levels in the
proximity to the Fermi surface. Typical values of excitation energy are 3 - 15
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Figure 4.2 Bragg diffraction. Two beams with identical wavelength and phase approach
a crystalline solid and are scattered off two different atoms within it. The
lower beam traverses an extra length of 2d sin θ. Constructive interference
occurs when this length is equal to an integer multiple of the wavelength of
the radiation (n).
keV, where the absorption edges of elements such as Ru (L2 2.97 keV), Fe (K
7.11 keV), Ni (K 8.33 keV), Os (L1 12.97 keV, L2 12.38 keV) or Ir (L2 12.84 keV,
L3 10.87 keV) lie. Within these limits, the transmission through diamond anvils
of standard thickness becomes critical for excitation energies below 9 keV (see
Fig. 3.19). Thus, the observation of resonant reflections below this energy value
is restricted under high-pressure.
Additionally, the energy of the incoming beam is not only important from the
absorption point of view, it also plays an important role in determining the
portion of the reciprocal space (RS) accessible in the DAC. Bragg’s law establishes
the conditions for a set of crystalline planes to diffract as follows:
2d sin θ = nλ. (4.1)
The path difference between x-rays interacting with successive crystallographic
planes 2d sin θ (see Figure 4.2), where d is the distance in the reciprocal space
between consecutive lattice planes and θ is the Bragg angle, must be an integer
number (n) of wavelengths (λ) for the x-rays to interact at the strongest
constructive interference.
Thus, it is possible to establish a relationship between the d-spacing and the







Figure 4.3 Energy and d-spacing dependency in x-ray diffraction experiments.
According to Bragg’s law (Eq. 4.1), the higher the energy, the smaller the
d-spacing and the larger is the portion of the reciprocal space accessible.
E = hν =
hc
λ









By substituting λ from Eq. 4.3 in Eq. 4.2, one can see that the magnitude of
the d-spacing is in inverse proportion to the energy and therefore, the lower the
energy the larger is the d-spacing, and smaller is the portion of the RS that fits in
the solid angle defined by the cell body. Figure 4.3 illustrates this phenomenon.
Therefore, a compromise needs to be reached to maximise the opening angle
without jeopardising the mechanical strength of the DAC.
Leaving aside the excitation energy and the access to the RS, the third element
to consider when designing HP-REXS instrumentation is the frequent demand of
cryogenic conditions. In many cases, the energy scale of the interactions that
govern electronic ordering phenomena, lies within the range of tens of meV.
By using the correspondence between energy and temperature E = KBT , one
can see that 1 K = 0.0862 meV and therefore, room temperature conditions
are usually enough to break these weak to moderate electronic interactions via
thermal fluctuations. Very often, it is necessary the use cryogenic equipment in
order to study these phenomena, which implies additional space restrictions and
the need of mechanisms for remote actuation in order to operate the instrument
at low-temperature. From this point of view, it is also very important to minimize
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the mass of the instrumentation inside the cryogenic device as much as possible,
in order to reduce the thermal inertia and the time required to reach the thermal
equilibrium. Ideally, the bulk of the pressure device should be machined in a
material that presents high thermal conductivity and low thermal expansion,
while keeping good mechanical properties at low temperature. Finally, the
possibility of tuning pressure in situ saves considerable time, allowing one to
maximise the collection of data during the experiment. This key aspect is highly
desirable for experiments conducted in large facilities as synchrotrons where
beamtime allocation is precious.
4.1.2 Material selection
One of the main difficulties in the design of high-pressure and low-temperature
instrumentation is the selection of the construction material. Most metals and
alloys typically employed for machining high-pressure devices become brittle
under cryogenic conditions [171, 207]. Thermo-mechanical properties such as
the tensile strength or the degree of plasticity at low temperature become
critical. Additionally, other thermal parameters such as thermal diffusivity
or thermal contraction must be considered carefully to ensure the suitable
operation and achievement of the target experimental conditions. For example,
unforeseen contraction (or expansion) of a material when cooling, could end in
the obstruction of the moving parts of the instrument and unwanted pressure
gradients. Likewise, the use of materials with low thermal conductivity may
affect drastically the time needed for reaching the thermal equilibrium at the
sample stage.
One can find in the literature a number of materials employed in the construction
of high-pressure cells for low-temperature studies: BeCu [18, 145, 146, 159, 208],
316L steel [157], 52RC Maragin Steel [149], silicon aluminium bronze C64200
[11, 185], Vascomax 360 [155], MP35N Ni-alloy [209, 210] or CrNiAl (Russian
alloy) [171, 211] among others. In table 4.1 are listed the values of the mechanical
and thermal properties of some of these materials.
Cooper-Beryllium (CuBe) is perhaps, the most popular alloy employed for HP-LT
instrumentation. In particular, the alloy containing 2% of beryllium intercalated
in the fcc crystalline lattice of cooper, presents exceptional mechanical properties
that can rival with high-tensile steels. It is easy to machine and commercially
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Table 4.1 Mechanical and thermal properties of different materials employed in
the design of HP-LT instrumentation. Chemical composition, ultimate
tensile strength (UTS), coefficient of thermal expansion (CTE) and thermal
conductivity coefficient (λ). Magnitudes measured at room temperature (295
K) unless specified. Data from [171, 178, 212–215].
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Ni (10-14%) Mo (2-3%)
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Ni (35%) Co (35%)
Cr (20%) Mo (10%)
1.60 - 1.90 (at 295 K)
2.00 - 2.50 (at 77 K)
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(range 21 - 93 oC)
11.2 (at 295 K)
6.5 (at 100 K)
Berylco 25
BeCu-25
Cu (> 99.5%) Be (1.8-2.0%)
Co (< 0.3%) Co+Ni+Fe (< 0.6%)
1.3 (at 295 K)
1.5 (at 20 K)
17.3













available in different degrees of hardening reached through thermal-treatment
[216, 217]. It presents an exceptional mechanical behaviour at low-temperature,
increasing its plasticity and tensile strength in a 15% at 20 K over the
corresponding values at ambient temperature [171, 216]. This, together with
outstanding thermal properties, low coefficient of thermal expansion (CTE) and
good thermal diffusivity, makes it ideal for HP-LT applications.
Other materials, also used in the manufacturing of pressure devices for cryogenic
conditions, are the alloys MP35N and CrNiAl - Russian alloy (40HNU-VI), both
showing higher values of tensile strength than BeCu at LT. These are particularly
tough alloys providing exceptional mechanical stability under compression.
However, from the thermal point of view, MP35N presents a considerably lower
thermal conductivity coefficient (λ) that would result in longer cooling rates
and larger temperature gradients. For the case of the Russian alloy, little
quantitative information is officially published about its thermal behaviour.
Nevertheless, it has been extensively used in the fabrication of HP-LT devices in
the former Soviet Union and different notes in the literature evidence its positive
performance [171, 207, 210, 215]. Our personal experience using a CrNiAl version
of the miniature-DAC designed by Jin et al. [157] also supports this thesis.
Unfortunately, this alloy is difficult to obtain and it is only commercially available
in small amounts.
Finally, it is important to mention that the chemical composition of the material
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employed must also be considered to avoid unforeseen interactions with the probe
employed. In principle, the small spot and the low divergence of the x-ray beam
in 3rd generation synchrotron facilities will be enough to avoid cutting the cell
body. In this sense, unlike in neutron experiments where the beam can be barely
focused, the chemical composition of the cell parts is not as decisive (a different
scenario occurs when choosing the gasket material as we discussed previously in
Section 3.3).
4.2 m-RXS diamond anvil cell
4.2.1 Design concept
The whole setup proposed here is designed for use with the instrumentation
currently available on I16, in particular a 4 K closed-cycle refrigerator (D-202N)
mounted on a Newport 6-circle kappa goniometer (see Section 2.3 and appendix
E for further details). Keeping in mind the geometrical constraints arising from
the limited space available inside the cryostat and the position (height) of the
centre of rotation, the setup proposed here consists in a membrane-driven DAC
(in the following m-RXS), a panoramic dome and an optical system that allows
the measurement of pressure in situ under cryogenic conditions.
The m-RXS DAC is inspired by the Merrill-Basset idea [131] with three pins for
alignment and three screws as the locking mechanism. In Figure 4.4, we can see
cross-sectional and exploded views of the CAD model numbering the different
parts of the cell. Despite the instrumentation developed during this project is
based solely on the generation of high-pressure conditions, the application of an
external magnetic field concurrently with high-pressure could be also attractive
for future experiments. For this reason, only non-magnetic materials such as
CuBe, MP35N or the Russian alloy (CrNiAl) were finally considered for building
the cell. Based on the discussion held in the previous section, the material chosen
was the CuBe alloy BERYLCO-25® manufactured by NGK-Berylco France [216].
Upper and lower body, piston and cryostat holder, parts 10, 3, 6 and 2 respectively
from Figure 4.4, are machined in this material.
This cell presents an asymmetric design, with a panoramic aperture of 100 degrees
in the top part and a bottom half dedicated to the regulation and measurement of
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Figure 4.4 a) Exploded view of the CAD model of the m-RXS cell. (1) Fiber optic,
(2) Cryostat adapter, (3) Lower-body, (4) gas-membrane, (5) alignment pin,
(6) piston, (7) tungsten carbide seats, (8) diamond anvils, (9) gasket, (10)
Upper-body and (11) M5 locking screws. b) Section view of the cell with key
dimensions in mm (opening angle in degrees).
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pressure. Unlike the original Merrill-Basset cell, where the force is generated by
tightening the locking screws (11 in Figure 4.4), our cell relies on an alternative
mechanism to produce pressure. When helium gas is introduced in the membrane
(4), the collision between the molecules confined in it exerts a force that elastically
deflects its walls. This deflection is enough to produce a sizeable movement of the
piston (6) that pushes the lower anvil against the upper one (fixed) and results
in the compression of the sample cavity. The gas-membrane is hosted within
the bottom half of the cell body avoiding the use of any additional fastening
mechanism that would increase the overall thickness of the cell. When assembled,
the cell is approximately 20 - 21 mm high, with an external diameter of 57 mm
(circumference tangential to the triangular profile). This last dimension is largely
imposed by the area required by the membrane to reach the target pressure in
the sample chamber.
In order to obtain a rough estimation for the membrane size in the first prototype
of the cell, the relation between pressure (P), force (F) and area (A) P = F/A
was considered for a target pressure of 16 GPa at the anvils, 120 bar of pressure
for the gas in the membrane (36% below the safe limit of the gas controller,
190 bar) and oversized culets of 900 microns (12% larger than the largest anvils
considered for the real experiments) to compensate for the loss of force due to
the friction between the different parts of the cell body. In this way, we obtained
the corresponding area of the membrane and optimised the value of the external
diameter (33.5 mm) and the central aperture (4 mm). Using these dimensions, a
set of membranes was built by welding together the edges of two circular stainless
steel foils 200 µm thick, and attaching a metallic capillary (1 mm outer diameter)
to one of the faces. The pristine membranes present a thickness ∼ 0.45 mm which
after use, increases to 0.5 - 0.7 mm. This design is similar to the American style
of double-sided diaphragms [144, 218].
In order to assess the safe pressure limit of the membranes, a controlled burst
test was conducted and found a failure pressure value of 850 bar, more than 600
bar over the maximum working pressure employed during our experiments.
Moving now onto the scattering geometry two options were considered, both of
them with the scattering plane crossing through the diamond anvils. For the first
one, known as reflection or back-scattering geometry, the scattered x-rays are
collected through the same side of the cell through which the incident beam hits
the sample (see Fig. 4.5 left). For the second one, so called transmission or Laue
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geometry, the diffracted light is collected from the side opposite to the exciting
beam (Fig. 4.5 right). Both configurations present drawbacks and positive points.
In Bragg geometry, it is possible to use thicker samples than in transmission,
since the re-absorption of the scattered light by the sample in reflection is less
severe. Thicker samples are also easier to prepare and handle. However, in
back-scattering the alignment of the crystal in the centre of rotation of the
diffractometer is more challenging than in transmission geometry. The drop
in the diffuse scattering from diamond when mapping the sample cavity with
the x-ray beam is not as well defined as in Laue configuration (precise details
on the alignment procedure are given in Section 4.2.2). A different point to
consider is the fact that back-scattering configuration leaves free the bottom face
of the cell, which can be employed for hosting the optics needed for the pressure
measurement using the ruby fluorescence method [114]. In transmission geometry,
these optics need to be mechanically positioned in-and-out the beam path each
time the pressure is measured.
However, the decisive factor that conditioned the final choice in this case was the
small space available between the top of the cold-finger head in the cryostat and
the centre of rotation of the diffractometer. Given the membrane size required
to achieve the target pressure, only back-scattering configuration was found to
be suitable in order to keep the design as compact as possible. In transmission
geometry a larger central aperture in the membrane is needed to maximise the
scattering angle and therefore, a larger external diameter to maintain the same
membrane area. This would displace the sample position up in the vertical
direction above the centre of rotation. See the diagram in Figure 4.5 for clarity.
For this reason, a back-scattering configuration was preferred. Additionally, the
number of diffraction peaks accessible in backscattering is significantly larger than
in transmission geometry, given the absence of effective form factor in resonant
conditions and the larger density of reflections at high angle (2θ).
Then, an optical system was developed to measure the pressure level in situ using
the fluorescence of ruby as gauge [114]. It can be divided in two sections. In the
external part of the cryostat, a bifurcated fibre from Ocean-Optics made out
of six individual Lab-grade cores 300 µm in diameter 2.5 m long, assembled in
two legs (5+1). The three ends of the bifurcated fibre are connected through
SMA connectors to a 532 nm diode laser, a portable spectrometer from Ocean
Optics (MayaPro4000) and a single core fibre inside the cryostat. The latter is a
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Figure 4.5 Schematic view of the two experimental scattering geometries considered
for the HP-REXS experiments: a) Reflection or back-scattering and b)
transmission or Laue geometry.
continuous bare fibre 1 mm thick, whose inner end in the proximity of the sample
chamber is fitting-free and manually polished.
A number of alternative models for the optical setup including additional mirrors
and collimation lenses were tested. However, the loss of light due to the transfer
between different optical elements was found to be larger than for the system
just described above. A brief discussion on the alternatives considered is held in
Section 4.3.
In addition to the pressure cell and the optical system, a panoramic dome has
been designed specifically for the HP-REXS experiments using the CCR unit. The
dome is machined from steel 304L, it presents a cylindrical structure divided in
three sections with a total height of 27.3 cm over the base of the cryostat and 10.2
cm in diameter. The possibility of assembling the dome in three separate parts,
allows easily replacing its top section to accommodate different experimental
geometries. In Figure 4.7 can be seen a CAD model with some of the main
features of the design.
In this first version, the upper section of the dome is specifically designed for
experiments in back-scattering with three Kapton windows: a panoramic aperture
at the top for the scattering of the x-rays and two lateral windows for optical
access. Kapton and beryllium are the only reliable materials employed for
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Figure 4.6 Schematic view of the optical system designed for measurement of the
pressure level in HP-REXS experiments using the membrane-DAC. This
system consists in a single-single core fibre inside the cryostat and a
bifurcated fibr outside that connects the former one with a 532 nm laser and
a Maya-4000Pro spectrometer.
Figure 4.7 CAD model of a) the cryostat dome with detail of the feed-throughs dedicated
to the gas capillary and the fibre optics and the different optical windows. b)
Section view with details of the interior of the cryostat in the proximity of the
pressure cell. Shaded areas represent the scattering angle at the top and
lateral optical access at the bottom.
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windows in x-ray cryogenic devices due to the their low absorption. Kapton
was chosen for this first version, since is cheaper than beryllium and allows visual
examination of the cell while showing a reasonable durability and transmission
above 7 keV.
The lower section of the dome presents four fitting ports, two of them dedicated
to the insertion of the gas capillary and the fibre optics. In order to prevent
big oscillations of temperature when pumping gas into the membrane, the gas
capillary is attached to the first stage of the cryostat so the gas is pre-cooled
before reaching the cell body. In Figure 4.8, it can be seen a picture of the real
dome, cell and optical system mounted on the diffractometer on I16. Further
details of the dimensions an morphology of the different parts that comprise this
setup can be seen in the technical drawings provided in appendixes A and E.
4.2.2 Operation
After the loading is completed, the cell can be mounted on the cryostat and
aligned in the centre of rotation of the diffractometer. In a first approximation,
while the cryostat is open as in Fig. 4.8 b), the sample position is optically
adjusted using a set of video-cameras located in the experimental hutch. Then,
using the x-ray beam, the gasket hole is scanned along the 3 directions of the
space x, y and z, looking for a drop in the diffuse scattering from diamond due
to the presence of the sample. In order to look along the z axis (see the system
of coordinates in Figure 4.8 c)), assuming the sample is flat and parallel to the
diamond tips, the cell is rotated ± 5 degrees around an axis normal to z. Then,
with the sample tilted, a scan along the z axis reveals the position of maximum
absorption, which must be corrected to coincide with the centre of rotation.
Thus, once the sample is centred, it is time to start searching for diffraction
peaks by scanning in reciprocal space. The correct identification of a couple
of reflections with their (hkl)-index is enough to build the orientation matrix,
which allows navigating in reciprocal space and reaching the position of interest.
The success of REXS experiments relies strongly on the crystalline quality of
the single-crystals. The spatial resolution achieved in a synchrotron source is
significantly superior than in an ordinary x-ray lab unit and the observation of
additional weak reflections arising from secondary grains can be deceptive when
trying to find the correct orientation matrix. It is highly recommended to pre-
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Figure 4.8 Pictures of the setup for HP-RXS experiments. a) Pressure cell mounted on
the cold finger. Detail of the thermo-couple, optical fibre, gas capillary and
cold-finger head. b) Pressure cell and cryostat coupling piece. c) HP-RXS
setup on I16. Detail of the x-ray source, optical fibre and detector.
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screen the crystals in a lab x-ray diffractometer to select the ones with better
quality and to have an estimation of the crystalline orientation. Samples showing
well-defined symmetric sharp peaks and low values of mosaicity are preferred.
After aligning the sample and finding the correct UB-matrix at ambient
temperature, the cryostat is closed and the system is cooled down to the base
temperature. During the cooling process, the height of the sample changes due
to the thermal contraction of the different parts of the cryostat. This height
variation is reproducible, so it is possible to estimate a correction based on
the temperature measured at the sample-stage. In order to produce a reliable
temperature variation throughout the whole experiment, the cryostat is held
constantly at the base temperature while the sample stage is thermalised using
a local heater. Therefore, even for the cases where particularly low temperature
is not required, initially, the system needs to be cooled to base temperature to
start the experiment.
Once the target temperature is reached at the sample position, a final fine
alignment is conducted repeating the x, y, z scans described above around the
peak of interest maximising its intensity.
In situ pressure regulation can be achieved by pumping helium gas into the
membrane using a GE Druck PACE5000 unit. Temperature values above 50
K need to be reached in order to actuate the membrane. Below this value, the
presence of impurities within the gas capillary may block the flow of helium.
In the future, a mechanism for vacuum pumping the gas circuit prior to the
connection to the helium cylinder, may allow the adjustment of pressure with no
temperature limitation. Nevertheless, the present pumping mechanism ensures
pressure regulation in situ and quick realignment in comparison with other
methods, since the sample position is only slightly different after the pressure
change.
4.2.3 Characterization tests
Different characterization tests were conducted in order to assess working
parameters of the system such as the minimum temperature of operation, the
maximum pressure reachable, or the method employed for pressure measurement.
Due to the limited space inside the cryostat the CCR is operated without any sort
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Figure 4.9 Cooling time of the m-RXS cell mounted inside the cryostat from ambient to
base temperature. Dashed line stands for the minimum temperature reached.
Inset shows the temperature difference between the top of the cold finger
and the cell body for different experiments. Dashed line in the inset for the
average value of the temperature variation.
of thermal shielding but the actual walls of the dome. This limits the minimum
temperature reachable to 30.5 K, with an approximate cooling time of 2.5 hours
(see Figure 4.9). The higher value of base temperature with respect to the regular
6 K reached in ordinary ambient pressure experiments, is partly due to the absence
of shielding but also the increase of mass inside the cryostat and the presence of
the large kapton windows. A temperature gradient is observed between the head
of the cold finger and the cell body (see inset in Fig. 4.9).
In order to evaluate the maximum pressure that can be reached using this system,
two pressure tests were performed using thin anvils with culets of 500 microns
(see appendix B), 4:1 Methanol-Ethanol as pressure transmitting media and a
steel gasket (initially 200 µm thick) pre-indented down to 107 µm of thickness.
The cell was loaded with Ruby at an initial pressure of 1 GPa and mounted
on the cryostat. Then, temperature was first stabilised at 74 K and pressure
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Figure 4.10 Results of the pressure test performed at 74 K and 204 K with blue squares
and red dots respectively. Pressure in the cell in GPa as a function of the
pressure in the membrane in bars. The first determined using the ruby
fluorescence technique, the second regulated using a GE Druck PACE5000
gas controller. The cell was prepared using 4:1 Methanol-Ethanol as
pressure transmitting media and it was closed initially at 1 GPa. The test
was done in first place at 74 K reaching maximum pressure close to 20
GPa. Then the pressure in the membrane was released and the test was
repeated at 204 K.
was increased reaching a maximum value close to 20 GPa measured by the ruby
fluorescence method and corrected to the actual temperature. After that, the
pressure in the membrane was released and the test was repeated at 204 K.
In Figure 4.10, we can see the evolution of the level of pressure in the cell against
the pressure in the membrane at these two different temperatures. In both cases,
we found a deterioration of the ruby signal (broadening of the peaks and lost
of intensity) at the same critical pressure that can be attributed to the lost of
hydrostaticity in these conditions and to the fact that the sample chamber is
further away from the tip of the fibre optics as we keep on increasing pressure by
inflating the membrane.
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Additionally to the off-line pressure experiment, extra tests were performed in
order to further develop the correct experimental methodology, determining the
time required to stabilize the system when doing small variations of temperature
and to explore the possibility of using the equation of state of gold as an
alternative method for pressure determination. In order to do so, an on-line
test was conducted on I16, using the membrane cell equipped with 800 µm culet
anvils, a steel gasket indented down to 116 µm and drilled with a 500 µm hole in
the centre of the indentation. Then, the cell was loaded with gold and ruby using
4:1 Methanol-Ethanol as PTM. Several pressure-temperature points were reached
observing that for temperature increments of 5-10 K a stabilization time of 35-40
min is required in order to reach the thermal equilibrium. This long stabilisation
time is an expected consequence of the temperature gradient observed between
the head of the cold-finger and the cell body (see Fig. 4.9 inset). This could be
mitigated to some extent by using better insulation from the exterior, increasing
the thermal contact between the cell and the cold finger or trying to reduce the
cell mass.
For several of the experimental P,T-points reached, the level of pressure was
measured using the dependence of the ruby fluorescence shift applying the
temperature correction from [191] and the equation of state of gold from [199].
The results obtained can be seen in Fig. 4.11. For the case of the gold scale, each
pressure value was obtained by averaging the lattice parameters calculated from
the position of the reflections (511), (531) and (442). Then, using the unit cell
volume, the level of pressure was calculated applying the equation of state.
Both scales provide reasonably similar values of pressure up to 4 GPa, from where
an underestimation of pressure from the ruby method respect to the gold scale was
observed. This discrepancy might be the result of a combination of factors. First
of all, deviatoric stress may appear as a consequence of the loss of hydrostaticity
of the PTM at low temperature. In these conditions, the mixture 4:1 Methanol-
Ethanol becomes solid at relatively low pressure [181], which may translate into
inhomogeneity along the sample chamber. For this reason, it is possible that the
two pressure markers might be exposed to slightly different level of stress [120]. In
addition, for the ruby scale, the effects of temperature and pressure in the shift of
the R1 mode are considered separately and added as the sum of two independent
phenomena. This assumption has been questioned for pressures above 4 GPa
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Figure 4.11 Comparative measurement of pressure at different experimental conditions
using the pressure-shift of the R1 luminescence line of ruby [191] and the
equation of state of gold from [199]. All the pressure points were acquired
using the same loading in different temperature and pressure conditions.
Temperature of each point in vertical above the data. ’S’ and ’L’ stands
for the state of the pressure media (4:1 Methanol-Ethanol), ’solid’ or ’liquid’
respectively.
above this value, where the pressure transmitting media is solid. Nevertheless,
any variation of pressure arising from this origin should equally affect both scales.
Additionally for the gold gauge, at each temperature point it is necessary to
optimise the alignment around the peaks considered, in order to not to induce
systematic errors. Due to the limited time available for this particular experiment,
this procedure was not followed consistently for all pressure points. Nevertheless,
this potential source of error could be easily amended following carefully the
aligning procedure.
In favour of experimental simplicity, the ruby gauge is more convenient. At the
moment, the gas control unit for the membrane is placed inside the experimental
hutch and cannot be controlled remotely from the control room. Therefore,
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pressure-tuning requires switching off the beam, entering the hutch and manually
operating the gas membrane. Once we are inside the hutch, whereas the ruby
method allows estimating the level of pressure directly in a few seconds, the use
of gold requires exiting the hutch once again, interlocking, switching on the beam,
aligning at the gold position and acquiring the diffraction pattern. In some cases,
one may need to repeat this sequence of steps several times until reaching the
aimed level of pressure, increasing significantly the time employed (from minutes
to hours comparing with the ruby method). A second aspect that makes the
use of gold less suitable, is the fact that the addition of extra components in
the sample chamber represents an extra source of background noise that in some
cases may be critical when trying to detect particularly weak resonant signals.
For our particular experimental conditions and for the reasons just mentioned,
the ruby fluorescence method is a better approach to estimate pressure.
Finally, as mentioned in Section 3.3, during the first attempts to conduct HP-
REXS experiments, some photo-induced chemical reactions were experienced in
the sample chamber when exposed to the x-ray radiation. On several occasions
the sample quality degraded and the observation of the signals of interest was
not possible (see Fig. 3.25). Different loading combinations of PTM (4:1
Methanol/Ethanol, 1:1 n-pentene/isopentane, Silicone oil, Daphne oil 7373, NaCl,
KCl) and sample fixer (Vaseline, vacuum grease, G-varnish and super-glue)
were tried,but only the attenuation of the beam was effective in preventing the
chemical reactions from happening. In the energy range typically employed in
our experiments (8-13 keV), the absorption cross-section of x-rays is larger than
for higher energies (see Eq. 3.2), making the lighter elements in the transmitting
media more prone to undergo chemical reactions. Attenuation of the incident
beam down to 1% of the full intensity seems to be enough to amend this problem.
4.3 Early designs
During the design process, several iterations were needed until reaching the final
version of the m-RXS DAC presented here. In this section, I give some brief
details from earlier prototypes highlighting the features improved until reaching
the final design. Additionally, a completely different cell based on a wedge-driven
mechanism was also contemplated for operating in transmission geometry.
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Figure 4.12 Lateral and extruded views of the CAD model of the inital prototype and
final design of the m-RXS. Detail of the different piston shapes and green
shaded areas highlighting the lateral access.
4.3.1 m-RXS first prototype
The fundamental idea behind the design of the m-RXS cell remained the same
since the initial sketches. Nevertheless, two main parts were modified until
reaching the final version. In the first m-RXS, a circular piston would convey
the force generated by the membrane and provide alignment for the lower anvil
(see Fig. 4.12). The tolerance between the moving disc and the hosting cavity
restricts the movement of the lower anvil to the axial direction of the cell body,
keeping it steady within the range of pressure aimed.
However, after the first tests in the beamline, lateral visualisation of the anvils
was found to be very helpful to facilitate the alignment of the sample in the centre
of rotation of the diffractometer. Unfortunately, direct observation through the
cell’s side was quite restricted in this prototype. In order to fix this, a lighter cell
body with tapered inner faces and a star-like piston was developed. In this case,
the piston is inserted in the same three pins than the upper body that provide
alignment. This design presents an additional advantage since the reduction of the
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Figure 4.13 Top - CAD model of the initial optical setup for HP-REXS experiments with
detail of the main components: OAP mirror, 45 deg. mirror, collimating lens
and fibre optics. Bottom - Pictures of the real optical holder with the mRXS
cell, mounted on the cryostat.
mass inside the cryostat translates in an increase of the cooling rate and a decrease
of the thermal stabilisation time. Figure 4.12 shows a comparative view of the
lateral and extruded CAD models of these two cells for easier comprehension of
the differences mentioned.
The second upgrade with respect to the initial version of the HP-REXS setup
involves the optical system. The first option considered in order to measure
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the fluorescence of ruby under cryogenic conditions was a more complex optical
setup which included a collimating lens, a 45 deg. mirror and a 45 deg. off-axis
parabolic (OAP) mirror in addition to the fibre optics. All these elements were
hosted by the piece acting as a holder that supports the pressure cell on the
cold-finger head. In Figure 4.13 we can see the CAD model and some pictures of
the initial optical holder and the m-RXS cell mounted on the cryostat. Despite
presenting finer control of the laser beam in terms of collimation and focusing,
the loss of light due to the transfer between different optical elements was found
to be larger than for the single bare fibre finally employed (see Section 4.2.1).
4.3.2 Wedge-driven DAC prototype
In addition to the membrane design, a completely different idea was considered
to perform HP-REXS experiments in transmission geometry. A diamond anvil
cell mechanically actuated through a wedge mechanism was machined inspired
on similar actuating ideas found in the literature [146, 171, 219]. In this cell, the
generation of pressure relies on the sliding of a wedge piece aided by two sets of
bearings made of ruby spheres 1.5 mm in diameter. Fig. 4.14 shows an image
of the front and back of the real cell and the different parts that make up its
body. It is machined in CuBe alloy, Berylco25 [216], and it presents two large
scattering apertures of 92 and 100 degrees offering wide access to the reciprocal
space in transmission geometry. The approximate dimensions of the cell body are
25 × 32 × 14 mm. Figure 4.15 shows a CAD section view of the assembled body
for better understanding of the functioning mechanism and dimensions. The red
arrows in this view, indicate the direction of displacement of the moving parts
that result in the compression of the sample chamber.
Once installed on the cryostat, two sources of actuation were considered in order
to displace the wedge: a motor located on the external part of the cryostat and
an internal piezo-electric unit. The piezo-electric approach was quickly discarded
mainly due to the fact that at low-temperature the expansion provoked by the
alignment of electric domains in the material is quite small and large piezo-electric
units are needed in order to generate sufficient force.
Thus, the motor strategy seems to be more convenient. However, as the motor
would be placed outside the cryostat it would be also important to thermally
isolate it in order to not to create a thermal bridge with the exterior that would
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Figure 4.14 Real image of the wedge-DAC prototype. Front and back views of the cell
assembled and views of the individual parts disassembled. Blue scale bar
on the right for size appreciation.
Figure 4.15 Section-, back- and front-views of the CAD model of the wedge-DAC for
HP-REXS experiments in transmission geometry. Red arrows in the section
view indicate the direction of displacement of the moving parts. Dimensions
in mm and degrees.
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Figure 4.16 Exploded CAD model of the wedge-DAC. (1) Outer-body, (2) lower-wedge,
(3) upper-wedge, (4) bearing, (5) piston, (6) diamond anvils, (7) gasket, (8)
lower-body and (9) nut.
prevent the system from reaching the target temperature.
Further development and testing of this cell was not accomplished mainly due
to the time restrictions of the project. The implementation of this setup, would
require an important re-modelling of the cryostat dome, including the opening
of additional radial windows for transmission geometry and the development of
an external and more complex optical system as previously mentioned in Section
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In this chapter, I am focusing more on the research part of this thesis. A number
of materials were considered as possible subjects of investigation for developing
the experimental methodology and testing the instrumentation designed. The
selection was made based on their suitability for HP-REXS studies and their
specific scientific interest. Initial tests were conducted on materials such
as NaOsO3 and AgNiO2 that aided in the assessment of the experimental
capabilities and the conception of the right experimental procedures described
in Section 4.2.2. Among the studies attempted, I am presenting here the most
successful results obtained form investigating the magnetic properties of one of
the iridium based systems introduced in Ch. 1, Sr3Ir2O7 and its electronically
doped counterpart (Sr1-xLax)3Ir2O7.
This chapter is organised in three main blocks as follows. After a brief review of
the experimental techniques employed, I will outline the key properties of Sr3Ir2O7
at ambient pressure and discuss the theoretical motivation to investigate the
evolution of its properties under compression. Then, I will enumerate the main
findings reported under high pressure conditions in the system, before presenting
the principal breakthroughs from studying the evolution of the magnetic ordering
and the crystalline structure of Sr3Ir2O7 upon applying pressure and at low-
temperature by REXS and single-crystal XRD.
In the second part of this chapter, the synergy between hydrostatic and chemical
pressure in samples of (Sr1-xLax)3Ir2O7 containing 0.7% of La [x = 0.007] is
investigated. A general overview of the effect of lanthanum substitution is
provided as introduction, followed by the exposition of the experimental evidences
obtained from the HP-REXS study.
Finally, a joint discussion of the results procured from REXS and the additional
RIXS and computational modelling results provided by our collaborators is
presented. In the last part of the chapter, the most speculative, I will discuss
the theoretical model used to describe the experimental results.
Analysis of the experimental evidence obtained from REXS experiments was
carried out in collaboration with Dr L. S. I. Veiga and Dr J. G. Vale at UCL
in London (UK), who provided experimental support and performed theoretical
calculations respectively, and Dr Matteo Rossi and Dr Mario Moretti-Sala at the




5.1.1 Synchrotron experimental setups
Beamlines I16 and I19
Most of the experimental work of this thesis was conducted on I16, the beamline
for materials and magnetism described in detail in Section 2.2 [21].
Additionally, in order to carefully track the evolution of the crystalline structure
of Sr3Ir2O7 upon applied pressure at low-temperature, a HP single-crystal XRD
study was also conducted on beamline I19 at DLS [220]. I19 is based on a linear
undulator that provides a large flux of photons in the hard x-ray regime (5 - 28
keV) and a Si 111 double-cut monochromator that selects the incident energy.
A pair of bimorph mirrors are used for focusing and harmonic rejection. The
experiments presented in this thesis were conducted in the experimental hutch 2
(EH2) equipped with a Newport 4-cycle diffractometer with sphere of confusion
< 60 µm. All sets of diffraction data acquired were integrated and reduced using
the CrysAlisPro software [221], which includes masking procedures to omit areas
in the detector shaded by different elements of the DAC. Final refinement and
modulation of the thermal parameters was done using Jana2006 software [222].
Further details from the specific experimental conditions of these studies are given
in Section 5.2.4.
5.1.2 Synthesis and sample pre-characterization techniques
Single-crystal growth methods
Single-crystals of Sr3Ir2O7 and (Sr1-xLax)3Ir2O7 were synthesised by our
collaborators via flux technique using Pt crucibles. For the obtention of pure
crystallites of Sr3Ir2O7, a mixture of SrCO3, IrO2 and SrCl7 was used in a
molar ratio 1.35:1:7.5. The crucibles were sealed and heated to 1220 oC, fired
for 12 h and slowly cooled at 4 oC/h (see further details in [223]). La-doped
samples containing 0.7 % of La, were obtained by mixing 1.30 (0.99 SrCO3 +
0.005 La2O3) : IrO2 : 7.5 SrCl2. The mixture was heated to 1200
oC for 12 h,
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cooled to 1100 oC in 18.75 h, and then cooled to 900 oC for 1 h before allowing
the samples to furnace cool to room temperature (see detailed description in
[223]). The crystalline quality of all the samples employed for the high-pressure
experiments was assessed by single-crystal XRD. Additional energy dispersive x-
ray spectroscopy (EDX) analysis was used to verify the stoichiometry of the La
doped crystals.
XRD - Single-crystal x-ray diffraction
The crystalline quality of all the samples was checked using the Supernova XRD
lab source at the facilities of the Research Complex at Harwell (RCaH). This
diffractometer provides dual Cu/Mo x-ray sources and detection by means of a
135 mm Atlas CCD unit. It allows collecting diffraction data within a variable
range of temperature (90-490 K) by coupling an Oxford Instruments cryojet [204].
The Mo-Kα source (λ = 0.7093 Å) was the excitation of choice in this case.
It provides enough resolution (dmin ∼ 0.7 Å) and allows reaching higher level
of completeness for an equivalent number of frames with respect to the Cu-
Kα source. Due to the relationship between the excitation energy and the d-
spacing (see Eq. 4.4), the Mo-Kα source (17.479 keV) allows observation of a
larger portion of reciprocal space for the same number of frames than the Cu-
Kα source (8.047 keV). Three-dimensional analysis of individual reflections and
refinement was performed using CrysAlisPro [221] and Jana2006 [222] software
packages respectively. Only samples showing clean and intense peaks (I ≥ 40000
counts), low-mosaicity and a refinement Rwp-factor below 6% were selected
1. The
orientation of each crystal was also assessed in order to ensure that the reflections
of interest lie within the aperture of the DAC and to facilitate the orientation
process during the REXS experiment (i.e. initial ub-matrix definition).
1The R-factor provides an estimate of the agreement between the observed and calculated
diffraction patterns. The magnitude considered in all the datasets refined is the so called
weighted profile R-factor (Rwp), which is the weighted sum of the squared difference between the
observed and the calculated diffraction peak intensities: R2wp =
∑




where wi is a weight factor equal to 1/yo,i, yo,i is the observed intensity at the ith step and yc,i
is the calculated intensity at the ith step. A perfect fit would have an Rwp value equal to zero
but in reality a Rwp value of less than ∼ 7% equates to a good fit [224].
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EDX - Energy dispersive x-ray spectroscopy
Energy dispersive x-ray spectroscopy (EDX) is used to determine the chemical
composition of a material by shooting electrons at its surface and analysing
the emission lines arising at different wavelengths for each particular element.
The incident flux of electrons generate core-hole unstable states followed by
recombination and emission of x-ray radiation. During this process, x-ray
emission occurs at a specific wavelength characteristic of each element as a
function of the energy difference between the electronic level of the electron
undergoing recombination and the level hosting the hole. By analysing the
position of these lines and the intensity ratio between them, it is possible to
determine the specific stoichiometry of samples as small as few cubic micrometers.
This technique was used to determine the doping level of all the crystals of
(Sr1-xLax)3Ir2O7 used for the experiments described in Section 5.3.2. All samples
were superficially cleaved in order to discard any possible artificial contamination
of the surface, which could potentially mask the real composition of the crystal.
5.2 Electronic behaviour of Sr3Ir2O7 under pressure
5.2.1 Introduction: electronic and magnetic properties of Sr3Ir2O7
at ambient pressure
The Ruddlesden-Popper (RP) series of compounds with stoichiometry
Srn+1IrnO3n+1 presents a rich landscape of electronic behaviours largely influenced
by the dimensionality of their crystalline structure [33, 48, 225, 226]. This family
of materials crystallise into perovskite-like structures with the alkaline earth metal
Sr2+ occupying the A-sites -tetrahedral oxygen interstices- and the transition
metal Ir4+ in octahedral coordination with 6 oxygen atoms at the B-positions.
Figure 5.1 shows an illustration of the crystalline unit cell of the members n =
1, 2 and ∞ of this series, where the subscript n refers to the number of layers of
Ir-O sandwiched by layers of Sr-O.
From the insulating character of the monolayered Sr2IrO4 (n = 1) [34, 47, 48, 227]
to the metallic nature of SrIrO3 (n = ∞) [48, 228], the intermediate member
Sr3Ir2O7 (n = 2) presents weakly-insulating behaviour in the proximity of an
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Figure 5.1 Ruddlesden-Popper series of iridates Srn+1IrnO3n+1. Evolution of the
electronic and structural properties for the cases n = 1, 2 and ∞ of the
series. Half-coloured atoms in Sr3Ir2O7 indicate the partial occupancy of
some of the oxygen atomic positions.
insulator-to-metal transition (IMT) [48, 229–231] and will be the main subject of
study in the present work.
However, not only structural diversity but also the strong spin-orbit coupling
(SOC) interaction characteristic of 5d transition metals (TM) is the foremost
reason behind the rich electronic landscape of the RP iridates. 5d elements
present a strong SOC within the electronvolt range, matching the energy scale of
the crystal field (CF). Ding et al. [232] estimated a value of 10Dq ∼ 2.8 eV for the
CF gap in Sr3Ir2O7, similar in magnitude to the spin-orbit coupling constant λSOC
∼ 1.9 eV deduced from RIXS measurements [232]. The balance between these
two interactions tailors the electronic ground state of this compound as illustrated
in Figure 5.2. In first place, the cubic crystal field interaction splits the atomic 5d
orbitals of Ir4+ into a t52g and an e
0
g manifolds, occupied in low-spin configuration
as a result of the prevalence of CF over Hund’s coupling (10Dq > 3JH). Then, the
SOC lifts the orbital degeneracy of the t52g orbitals into a fully-occupied Jeff = 3/2
quartet and a half-filled Jeff = 1/2 doublet. In these conditions, a weak Coulomb
repulsion U is sufficient to open a gap in the Jeff = 1/2 band and form a so-called
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Figure 5.2 Electronic ground state diagram of Sr3Ir2O7 (and Sr2IrO4) in the single and
multiple ion models. The equal footing between the SOC and the cubic
CF lifts the degeneracy of the t2g manifold into a Jeff = 3/2 quartet and
a half filled Jeff = 1/2 doublet. Thus, when moving into a periodic array
of cations (crystalline structure - multiple ion model), Coulomb repulsion
is strong enough to open a gap in the Jeff = 1/2 band that explains the
insulating behaviour in Sr3Ir2O7 and Sr2IrO4.
spin-orbit Mott insulator ground state [34, 47].
The Jeff = 1/2 picture is common for both Sr3Ir2O7 and Sr2IrO4, differing only
in the magnitude of the electronic gap ∼ 0.1 and ∼ 0.4 eV respectively [33, 229,
230, 233–236]. This situates Sr3Ir2O7 in a particularly interesting position as
weak insulator in the proximity of a transition towards metallic conduction that
can be accessed either, via chemical doping [225, 237–239] or applied hydrostatic
pressure [232, 237, 240, 241].
Additionally, the unpaired electrons occupying the Jeff = 1/2 band give rise to
G-type antiferromagnetic ordering in Sr3Ir2O7 below 285 K with the magnetic
spins aligned with the c-axis [242]. Two magnetic domains A and B, illustrated
in Fig. 5.3, have been described with magnetic wave vectors k1 = (1/2, 1/2, 0)
and k2 = (1/2,−1/2, 0) respectively [243]. Evidence from an anomalous net
ferromagnetic moment ∼ 0.04 µB per Ir atom in the basal plane can be also
found in the literature [32, 244], in contrast with the magnetic structure just
described. This can be explained as a consequence of a monoclinic distortion
reported by Hogan et al. [245], where a rather modest out-of-plane tilt φ ∼ 0.2o
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Figure 5.3 The c-axis G-type magnetic structure of Sr3Ir2O7 for the magnetic domains A
and B defined within the I4/mmm space group by the ordering wave vectors
k1 = (1/2, 1/2, 0) and k2 = (1/2, -1/2, 0) [242, 243]. Yellow dashed lines
highlighting the variations in spin orientation between domains.
of the octahedral units would be sufficient to produce a small projection of the
total magnetic moment over the ab-plane (see φ in Fig. 5.4).
Indeed, certain debate is still active around the crystalline structure of Sr3Ir2O7.
Subramanian et al. [246], first described it within the tetragonal space group
I4/mmm (No. 139), with lattice parameters c = 20.892 Å, a-b = 3.896 Å and
a possible non-correlated rotation of the octahedral units of α ∼ 12o about the
c-axis (see α in Fig. 5.4). The absence of additional super-lattice reflections,
perhaps too weak to be observed under their experimental conditions, is indicative
of a state of rotational disorder rather than a coordinated movement of the
IrO6 units. Nevertheless, more recent studies found evidence of these additional
reflections suggesting an orthorhombic twinned structure (Bbcb) [32, 247], where
neighbouring octahedra undergo coordinated counter rotation. Additionally, the
monoclinic distortion mentioned before, further lowers the crystalline symmetry
down to the (C2/c) space group and explains the existence of the basal magnetic
moment observed in Sr3Ir2O7 [245].
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Figure 5.4 Schematic representation of the rotational angles affecting the IrO6 units in
Sr3Ir2O7 referred in the main text. Left - Out-plane rotation φ of the IrO6
units that leads to the monoclinic distortion C2/c space group [245]. Right -
Counter in-plane rotation α about the c-axis of the neighbouring octahedral
units in the basal plane of the unit cell that leads to the orthorhombic space
group Bbcb [32, 247].
For the aim of this study, primarily focused on the evolution of the magnetic
properties of Sr3Ir2O7 under pressure, the higher symmetry approach, space group
I4/mmm, results adequate when indexing the magnetic reflections, and will be
the notation adopted for most of the results shown here.
5.2.2 Pressure induced phases in Sr3Ir2O7
The application of hydrostatic pressure seems to be a successful method to explore
charge, spin, orbital and lattice degrees of freedom in Sr3Ir2O7. A number of
exotic structural, electronic and magnetic transitions induced by pressure have
been reported in the literature. Ding et al. [232] described the realisation of
a confined metal state above 59.6 GPa at room temperature, where Sr3Ir2O7
becomes metallic in the a-b plane and remains insulator along the c-axis. This
result obtained from a single crystal, is consistent with additional resistivity
measurements published by different authors on samples of the same nature
[240, 241]. Slightly different critical transition parameters have been observed
in studies conducted on polycrystalline samples. Li et al. reported a significant
drop in the electrical resistivity of 6 orders of magnitude at much lower pressure
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(∼ 13.2 GPa) and low-temperature, not reaching the full collapse of the electronic
gap up to 35 GPa [237].
More recent evidence of a concurrent magnetic and structural transformation at
14.4 GPa, decoupled from the insulating-to-metal transition (IMT) can be also
found in the literature [241]. In this paper, Zhang et al. observed a softening of
the predominant single-magnon mode by Raman scattering and the appearance of
two weak low-frequency magnetic signals above the mentioned critical pressure.
The simultaneous magnetic and structural transitions evidence yet again, the
intimate interplay between lattice and super-exchange interactions, suggesting
the potential realisation of an alternative magnetic ground state mediated by
the crystalline lattice. This same study also provides resistivity measurements
up to 16.5 GPa that confirm the insulating character of Sr3Ir2O7 well above the
mentioned transitions. Thus, the magnetic and structural transitions observed
by Raman spectroscopy seem to be decoupled from the IMT reported by Li et al.
in the same region of pressure [237].
Different studies reported pressure-induced structural transformations involving
a monoclinic distortion as a result of the correlated rotation of the octahedral
IrO6 units [232, 248]. Some disparity regarding the critical PT values at which
this transformation occurs is yet to be addressed. Not only in the proximity of
14 GPa [241, 249], but also at higher pressure, close to 60 GPa (critical value for
the IMT) different studies provided evidence of a structural distortion [232, 248].
Although it is not possible to discard other factors, the difference in sample
dimensionality between poly- and single-crystals may be partially responsible for
the inconsistency between investigations.
In addition to the crystalline lattice, other factors may influence the transition
towards metallic conductivity in Sr3Ir2O7. Signs of bandwidth broadening (W),
increase of the electronic-hopping (t) and variation in the strength of the CF
interaction are also important factors to consider. HP-SAXS experiments probing
the ratio between the L3 and L2 of Ir, suggest a decrease of the SO interaction
potentially caused by bandwidth broadening and hybridization of the Eg and
Jeff = 3/2 levels [250]. RIXS experiments also revealed spin-waves noticeably
gapped (∼ 90 meV) along the entire Brillouin zone [251, 252] and softening of
the magnetic mode upon applied pressure at a rate of∼ 1.5 meV GPa−1 [253], that
predicts the full suppression of the magnetic interactions around 60 GPa. This
value is in good agreement with the critical pessure for the structural transition
105
5.2. Electronic behaviour of Sr3Ir2O7 under pressure
Figure 5.5 Summary of the main transitions induced by pressure in Sr3Ir2O7 for single-
crystals and poly-crystalline samples reported in the literature, in the two
regions of criticality around 14 and 60 GPa [232, 237, 241, 248, 249, 253].
observed on poly-crystalline samples [248]. Unfortunately, to date, there are
no theoretical models able to validate the full set of experimental observations
[236, 252, 254]. Some of the discrepancies observed can be related to the different
ratio between surface and volume in poly-crystalline and single-crystal materials.
However, small stoichiometric variations could also play an important role. Other
questions as what is the nature of the intermediate magnetic ground state between
the transition described by Raman spectroscopy and the IMT, are yet to be
solved. A summary of the main effects induced by pressure in Sr3Ir2O7 is shown
in Fig. 5.5.
In an attempt to further clarify the magnetic behaviour of Sr3Ir2O7 in the
proximity of the first region of criticality comprising 10-15 GPa of pressure, HP-
REXS experiments were conducted on I16. The principal findings obtained from
this investigation are reported in the next section.
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5.2.3 Evolution of the magnetic ordering of Sr3Ir2O7 under
pressure by REXS
We studied the evolution of the magnetic ordering temperature TN upon
increasing pressure in Sr3Ir2O7 by REXS. A progressive decrease of TN(P) was
observed, in good agreement with the values deduced from the softening of the
one-magnon band revealed by Raman spectroscopy [241]. Three-dimensional
magnetic order is stable up to at least 11.7 GPa of pressure in Sr3Ir2O7. We also
estimated a 50% reduction of the magnetic moment upon increasing pressure
between 2.2 and 6.6 GPa, given the decrease in the intensity ratio between
magnetic and charge peaks. Above a critical pressure Pc ∼ 12 GPa, a consistent
degradation of the sample was noticed in several experiments.
Experimental parameters
REXS experiments were conducted in the beamline I16 at DLS [21] (full
description provided in Section 2.2). The energy of the incoming beam was
tuned to the Ir L3 absorption edge (11.217 keV) using a Si (111) single-cut
monochromator. The beam-size was focused down to a spot of 20 × 200 µm2
(V×H) at the sample position by means of a set of parallel mirrors. At room
pressure, magnetic domains of ca. 20 × 20 µm2 have been described for Sr3Ir2O7
[242]. In principle, this size of beam spot allows obtaining averaged information
from the two domains. Nevertheless, the application of pressure may shift the
domain walls altering their average size. Both, a Pilatus 100k area detector and
an avalanche photo-diode (APD) were used to detect the scattered signals. The
incident beam was carefully attenuated down to 1% of the full beam intensity in
order to prevent radiation damage caused by the interaction of the beam with
the pressure transmitting medium (PTM) and to reduce charging of the sample,
which causes its movement. A set of slits at the entrance of the detector were used
in order to minimize most of the non-sample scattering background, increasing
the signal-to-noise ratio. However, given the close proximity of the diamonds
with the sample not all of this scattering was eliminated.
Single crystals of Sr3Ir2O7 were flux grown following the procedure in ref. [246]
and several were cleaved under the microscope down to an average size of (100
× 60 × 20) µm. Their crystalline quality was individually checked following the
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methodology detailed in Section 5.1.2.
Selected samples were loaded in the two HP-environments described in Section
3.4, with the [00l] direction perpendicular to the culet face and fixed using a
small drop of Vaseline. For the backscattering geometry, the m-RXS DAC [1]
was fitted with Boheler-Almax (BA) diamonds (type 1a), 1.25 mm thick and 500
µm in culet diameter (see appendix B for detailed dimensions). In transmission,
the miniature TB-DAC [157] was fitted with BA anvils (type 1a) of standard
thickness and 600 µm of culet diameter. In both cases, stainless steel gaskets 250
µm thick were pre-indented down to ca. 100 µm and EDM-drilled in the centre
of the indentation, creating a sample cavity 200-250 µm wide. Gaskets for the
TB-DAC were prepared using the indenter-device from Figure 3.23. Ruby spheres
∼ 20 µm in diameter were also placed in the sample cavity and used as pressure
gauge [114]. Finally, a mixture of 4:1 Methanol:Ethanol (ME) was employed as
a PTM.
Results
The temperature dependence of the intensity of magnetic reflections (0.5, 0.5,
2), (1.5, 1.5, 2) and (0.5, 0.5, 34) was collected from various samples of Sr3Ir2O7
at different values of applied pressure. Fig. 5.6 shows the results obtained at
each pressure point. As expected from a magnetic material, upon increasing
temperature the scattering intensity of the magnetic reflections decreases from
saturation until eventually disappearing at a critical value TN . The temperature
dependence of the magnetic reflections shows the characteristic behaviour of a
second-order phase transition. The application of external pressure induces a
linear shift of TN downwards in temperature (ca. -10 K/GPa) up to 11.7 GPa.
Above this pressure value, consistent degradation of the samples occurred in all
experiments conducted impeding further observation of magnetic reflections.
Additionally to the shift downwards in temperature induced in TN , a decrease in
the relative intensity of the magnetic peak (0.5, 0.5, 2) with respect to the charge
counterpart (1, 1, 2) was noticed upon increasing pressure. A reduction of 50%
in intensity of the magnetic signal was quantified between 2.2 and 6.6 GPa (see
inset in Figure 5.7). This drop in intensity could have its origin in a reduction of
the ordered magnetic moment, potentially caused by structural distortions or by
changes in the orientation of the magnetic spins.
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Figure 5.6 Temperature dependence of the magnetic scattering intensity at positions
(0.5 0.5 2), (1.5 1.5 2) and (0.5 0.5 34) for different applied pressures in
Sr3Ir2O7, normalised to the intensity recorded at the lowest temperature
measured.
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Figure 5.7 Reciprocal space scans around the magnetic reflection (0.5 0.5 2) at different
values of applied pressure in Sr3Ir2O7. Inset: Pressure evolution of the ratio
between the intensities of the magnetic reflection (0.5 0.5 2) (Imag) and the
charge peak (1 1 2) (Icharge).
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Figure 5.8 a) Three-dimensional analysis of the full-width at half maximum (FWHM)
against applied pressure of the magnetic reflection (0.5, 0.5, 2) and the
charge peak (1, 1, 2) along the h-, k-, l-directions of the reciprocal space
in Sr3Ir2O7. b) h-, k-, l-scans of the magnetic peak (0.5, 0.5, 2) upon applied
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Figure 5.9 Pressure dependence of the solidification temperature TMES (P) of the mixture
4:1 Methanol-Ethanol (orange line) extrapolated using the experimental
values obtained by Torikachvili (black squares) and Klotz (blue triangles)
[181, 182]. Empty pink squares represent the experimental values for the
magnetic ordering temperature TN(P) of Sr3Ir2O7 obtained by REXS in this
work.
In order to figure out whether this relative weakening in the intensity of the
magnetic reflections was related to a loss of coherence that would manifest in a
broadening of the magnetic peaks, we performed a three-dimensional analysis of
the full-width at half maximum (FWHM). We found that the FWHM remains
nearly constant for both, magnetic and charge peaks, up to 8 GPa of pressure
in the three directions of the reciprocal space (hkl) (see Figure 5.8). In such
situation, either the loss of coherence is so abrupt that we do no see any emerging
tail, which is possible given the weakness of the peaks, or the moment rotates
coherently towards the ab-plane. Above 8 GPa, both signals get progressively
broaden following the same trend. This confirms the overall deterioration of the
samples in the proximity of the critical pressure Pc ∼ 12 GPa, while no sizeable
alteration of the magnetic peak positions was found.
At low temperature, solidification of the PTM (4:1-ME) could result in stress
inhomogeneity across the sample chamber and loss of hydrostaticity, causing
uneven strain and eventual fracture of the crystal. In order to figure out
whether this is the reason behind the sample deterioration, Fig. 5.9 displays the
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overlap between the solidification line of 4:1 ME adapted from [181, 182] and the
experimental values of TN(P) obtained in this work. From inspecting this figure,
one can deduce that the mixture 4:1-ME is an amorphous glass for all pressure
points above 5.5 GPa, well below the band broadening observed above ∼ 8 GPa
of applied pressure. Therefore, not supporting the non-hydrostatic hypothesis.
Alternatively, the IrO6 octahedra units of Sr3Ir2O7 are prone to rotate around the
c-axis [232, 248]. This rotation induced by pressure, could explain to a certain
extent both, the loss of crystalline quality and the reduction of the magnetic
moment. In fact, structural transitions in the proximity of 14 GPa, not far from
our critical pressure value, have been described by different authors [241, 249].
However, whether applied pressure primarily induces alterations in the structure
and that, in turn, change the magnetic order or whether the process occurs in
the opposite direction (i.e. magnetically mediated crystalline distortion) is yet
an open question.
Another source of sample deterioration could be the ‘bridge’ or direct contact
of the crystal with the two diamond anvils upon the gasket gets thinner when
increasing pressure. The thickness of the sample and the gasket was compared
after every experiment to discard this possibility.
In order to obtain a clearer understanding of the structural variations taking
place in Sr3Ir2O7 within the PT-range explored during the REXS experiments,
we conducted the HP-LT single-crystal XRD investigation reported in the next
section.
5.2.4 Evolution of the crystalline structure of Sr3Ir2O7 under
pressure by single-crystal x-ray diffraction (XRD)
Experimental parameters
HP single-crystal XRD experiments were conducted in beamline I19 at DLS [220].
Excitation energy was driven to the Ag K-edge (25.514 keV, λ = 0.4859 Å) and
the incoming beam was focused down to a spot (130 × 185) µm at the sample
position. Diffraction patterns of Sr3Ir2O7 under pressure were collected at 200 K
in transmission geometry by means of a Dectris Pilatus 300K photon-counting
detector, using the x-ray TB-DAC described in Sec. 3.4 [157].
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Table 5.1 Results obtained from the refinement of XRD data collected on Sr3Ir2O7 at
200 K upon applied pressure in the crystallographic space group I4/mmm (No.
139).
Space group: Tetragonal I4/mmm (No. 139)
T = 200 K λ = 0.4859 Å I19 beamline
P(GPa) 1.6 3.7 4.9 7.0 8.0 11.0
a(Å) 3.9036 3.8812 3.8695 3.8580 3.8570 3.8407
c(Å) 21.04 20.906 20.851 20.883 20.75 20.486
V(Å3) 320.61 314.92 312.20 310.91 308.69 302.1
Rwp (%) 2.4 2.3 1.6 6.1 7.7 7.9
The crystal of Sr3Ir2O7 chosen for this experiment was (114 x 110 x 26) µm in
size and presented an initial R-factor of 4.73% after XRD characterization in
the I4/mmm space group (see pre-characterisation criteria and procedure in Sec.
5.1.1). Analogous loading to the one described for the REXS experiment in Sec.
5.2.3 was followed. The diamond anvil cell was initially closed at 0.6 GPa and
diffraction pasterns of Sr3Ir2O7 were collected at several pressure points reaching
a maximum value of 11 GPa.
Results
The principal aim of this experiment was the determination of potential rotational
changes in the IrO6 units of Sr3Ir2O7 induced by pressure at low-temperature,
which potentially could explain the structural collapse of the samples and
the progressive reduction of the magnetic moment observed by REXS. Since
the oxygen atoms are considerably weaker x-ray scatterers than the much
electronically denser elements Ir and Sr, the crystallographic refinement of the
former is not trivial. Indeed, detailed analysis of the different sets of frames
collected did not allow finding a combination of parameters to refine freely and
anisotropically the oxygen sites, while keeping positive values for the atomic
displacements within the I4/mmm space group. As an alternative, refinement
of the data within the monoclinic distortion described by [245] (a = 20.917(3), b
= 5.5080(1), c = 5.4995(7) and β = 90.069o) provided similar inconclusive results.
The crystallographic information from the analysis at each individual pressure
point within the I4/mmm space group is provided in table 5.1 and illustrated in
Figure 5.10. A reduction in the unit cell volume of 5.7% respect to the first point
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Figure 5.10 Lattice parameters of Sr3Ir2O7 as a function of pressure at 200 K. a)
Evolution of the unit cell volume upon applied pressure at low and room
temperature (RT), yellow circles and grey squares respectively. Data at
RT was obtained from poly-crystalline samples and adapted from [248]. b)
and c) lattice parameters and d) normalised lattice constants as a function
of pressure. Asterisks and crosses represent the values for a/a0 and c/c0
respectively, obtained from polycrystalline samples at 20 K from [248]
of pressure collected at 1.6 GPa was observed, in line with the results obtained on
polycrystalline samples at room temperature by Donnerer et al. [248] (see Fig.
5.10 a)). The evolution of the normalised lattice parameters follows the same
trend for the a/a0 axis in poly- and single-crystalline systems. However, larger
relative compression is observed in the c/c0 direction on single crystals respect to
the data collected at 20 K in the poly-crystalline sample (see Fig. 5.10 d)).
Despite free anisotropic refinement of the oxygen positions was not possible,
selective locking of the conflicting atomic displacement parameters (ADPs) into
positive values, provided a rough estimation of the rotational tendency of the
octahedral units displayed in Fig. 5.11. Given the magnitude of the error bars,
careful examination of this set of data suggests marginal changes occurring in the
Ir-O3-Ir angle.
Further inspection of the precession images obtained at different values of
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Figure 5.11 Pressure dependence of the (Ir-O3-Ir) angle in degrees and the distance
(Ir-O3) in angstroms. Schematic illustration of the in-plane IrO6 octahedra
rotation mechanism.
pressure, reveals that the main source of structural distortion upon applied
pressure occurred along the c-axis. The reconstruction of these images, depicted
in Fig. 5.12, provides direct observation of the reciprocal space along planes
(0lk), (h0l) and (hk0) after indexing in the I4/mmm space group. Above 5 GPa,
a progressive asymmetric elongation in the peaks’ profile can be seen along the
c-axis in the images corresponding to the (0kl) and the (h0l) planes, while the
crystalline order along the a-b directions remains in good shape (kh0 plane).
Because of the large c/a ratio, one could expect the c-axis to undergo further
adjustment upon compression than the a-b counterparts.
Unfortunately, the early mentioned limitations in the refinement and the limited
access to the reciprocal space in the pressure cell, make difficult to provide a more
sustained explanation for the local structural drift observed along the c-axis. Lack
of hydrostaticity is discarded as potential cause, since the solidification of 4:1-ME
at 200 K occurs at a critical pressure of ∼ 3.5 GPa (see Fig. 5.9), well below the
starting point observed for the peak profile elongation (P > 5 GPa).
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Figure 5.12 Procession images of the planes (0kl), (h0l) and (hk0) reconstructed from
diffraction data at different pressure values and 200 K on Sr3Ir2O7. Detail
of the diffraction peaks from diamond highlighted in blue in the image
corresponding to the (hk0) plane at 11 GPa.
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5.3 Synergy between physical and chemical pressure:
The case of (Sr1-xLax)3Ir2O7
5.3.1 Introduction: Effect of La doping in (Sr1-xLax)3Ir2O7
Elementary ionic substitution have been extensively used as an alternative
method to recreate similar conditions to those attained through application of
hydrostatic compression. Lattice parameters can be modified via exchanging
ions with different atomic radius generating the so-called, positive (or negative)
chemical pressure. However, the effects of these two methods are not always
analogous. On the one hand, deviations from perfect crystalline order in the shape
of higher mosaicity or structural defects are found to be more frequent in doped
samples than in pure crystals. On the other hand, additionally to the structural
degree of freedom, chemical substitution is frequently accompanied by alterations
in the electronic density of the material as a result of the different number of
electrons (Z) of the exchanged species. This often leads to the development of
tails in the electronic gap, which in turn may facilitate the transition towards
metallic character.
In the case of Sr3Ir2O7, substitution of Sr
2+ (Z = 38) with La3+ (Z = 57)
has been proven to be a successful method to induce metallic behaviour [239].
Different experimental and computational studies are consistent in reporting that
∼ 5% of La doping is enough to fully close the electronic gap and induce an
insulator-to-metal transition (IMT) in (Sr1-xLax)3Ir2O7 [237, 238]. This IMT
seems to be accompanied by a significant weakening of the magnetic order, yet
not reaching full vanishing of the magnetisation even well into the metallic state
[237]. By contrast, the insulating character of the pure system is more robust
upon application of hydrostatic pressure, only achieving metallic conductivity
in the proximity of 60 GPa [232, 240, 241]. Rather small distortions of the
crystalline lattice were observed upon lanthanum doping [223], in contrast to
the lattice contraction and octahedral rotation reported after the application
of hydrostatic pressure [232, 241, 248, 249]. On account of these facts, it is
reasonable to think that the IMT may be mediated by different mechanisms in
pure and doped systems, based on structural distortions and due to a richer
concentration of electrons respectively.
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Despite the mentioned differences, both methods seem to be valid in order
to drive Sr3Ir2O7 into new exotic ground states. The synergic cooperation
between electronic doping and the application of hydrostatic pressure could be an
interesting via for probing the magnetic behaviour of this iridate in the proximity
of the IMT. An increase in the density of electronic carriers potentially lowers
the amount of hydrostatic pressure required to suppress TN , providing suitable
conditions to explore the vicinity of potential region of quantum criticality.
Moreover, the requirement of lower values of pressure would reduce the risk of
sample deterioration, key aspect given the structural distortions observed in the
previous REXS and XRD experiments on Sr3Ir2O7.
5.3.2 Evolution of the magnetic ordering of (Sr1-xLax)3Ir2O7 under
pressure by REXS
Experimental parameters
Samples of (Sr1-xLax)3Ir2O7 were synthesised and characterised as explained in
Sec. 5.1.2. Despite lower values of crystallinity were observed in the doped
crystals with respect to the pure samples of Sr3Ir2O7, several crystallites with
R values below 5% were found suitable for the experimental requirements.
Crystals showing EDX elementary emission lines of intensity corresponding to
the stoichiometry (Sr1-xLax)3Ir2O7 [x = 0.007(1)] were selected for the experiment
(see Sec. 5.1.2 for details of the EDX characterization). Analogous loading and
experimental parameters as for the REXS experiments on Sr3Ir2O7 described in
Sec. 5.2.3 were followed.
Results
The evolution of the magnetic ordering temperature of (Sr1-xLax)3Ir2O7 [x =
0.007(1)] was explored upon increasing pressure on I16. At each pressure point,
the intensity of the magnetic reflections with wave-vectors (0.5 0.5 2) and (1.5
1.5 2) was tracked upon progressive increase of temperature, using the ordinary
charge peaks (110) and (112) as control references. Figure 5.14 a) illustrates a set
of individual scans acquired during one of these temperature dependences at 6.3
GPa on the magnetic peak (0.5 0.5 2). The full set of data covering the pressure
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Figure 5.13 Temperature dependences of the magnetic scattering intensity at different
applied pressures in (Sr1-xLax)3Ir2O7 [x = 0.007(1)], normalised to the
intensity recorded at the lowest temperature measured.
Figure 5.14 a) Temperature dependence of the scattering intensity at the magnetic
position (0.5,0.5,2) at 6.3 GPa of pressure. b) Scans of the incident photon
energy on the same reflection at 1.0 and 7.4 GPa. Dotted bar at 11.2217
keV represents the white line.
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Figure 5.15 a) Evolution of the ratio Imag/Icharge upon applying pressure on
(Sr1-xLax)3Ir2O7 [x = 0.007(1)]. b) Joint representation of the Imag/Icharge
ratio obtained for the undoped and the doped system + 4 GPa shift.
range between ambient up to 8 GPa is represented in Fig. 5.13. Scans of the
incident photon energy at 1 and 7.4 GPa at the magnetic peak (0.5 0.5 2) are
also shown in Fig. 5.14 b). At this position the resonance maximum occurs 3 eV
below the white-line represented by the dashed vertical bar at 11.2217 keV.
Inspection of the data suggests that a doping level of [x = 0.007(1)] entails a
linear shift of TN(P) of ca. 20 K downwards in temperature with respect to the
pure system. This variation is analogous to the suppression attained by applying
∼ 4 GPa of pressure on Sr3Ir2O7. We observed a monotonic reduction of TN(P)
upon increasing pressure, which considering the mentioned adjustment (4 GPa
shift), is remarkably symilar to the TN variation in the undoped data.
From these results, we can confirm the persistence of three-dimensional long-range
order up to at least 8 GPa of pressure. Above this value, the crystalline quality
became consistently worse hindering the observation of magnetic reflections. It
is important to remark the fact that the deterioration of the crystals started at
a similar effective pressure in doped and pure systems on account of the 4 GPa
conversion. This fact further supports the independence from the PTM of the




Similarly to what occurred in the pure system, the application of pressure also
induced a reduction in the magnetic ordered moment of (Sr1-xLax)3Ir2O7 [x =
0.007(1)] illustrated in Fig. 5.15 a). The ratio between the magnetic reflection
(0.5 0.5 2) and the charge peak (1 1 0) was calculated from sets of data obtained
from the same crystal upon increasing pressure. Interestingly, a 4 GPa shift
upward in pressure of the observed values for equivalency with the pure system,
results in the linear decrease of the Imag/Icharge ratio represented in Fig. 5.15 b).
According to this data, the magnetic moment decreases at a rate of ∼ - 9-10% per
GPa of applied pressure and complete vanishing of the magnetic order is expected
to occur in the proximity of 14 GPa. This compares well with critical pressure of
the magnetic transition described by Raman spectroscopy on Sr3Ir2O7 [241].
5.4 Discussion
The analysis and discussion of the sets of data presented in this chapter has been
done within the framework of a collaborative project comprising additional HP-
RIXS experiments and computational modelling as explained in the introduction
of this chapter. Joint examination of experimental and simulated data, suggests
the realisation of a potential spin-flop magnetic transition for Sr3Ir2O7 at P ∼ 15
GPa, indicative of a change of effective dimensionality of the magnetic interactions
from 3D to 2D. Characteristics of quantum criticality have also been observed
and will be discussed in the following.
Figure 5.16 summarises the results obtained from all sources of data considered
during the analysis in the shape of a P-T electronic phase diagram for Sr3Ir2O7.
As it can be seen, our experimental values of TN(P) obtained by REXS
on La-doped and pure Sr3Ir2O7 are in remarkably good agreement with the
trend followed by the values obtained by Raman spectroscopy [241] and RIXS
measurements.
High-pressure RIXS examination of Sr3Ir2O7 revealed an unusually large spin-
wave gap (∼ 90 meV) along the entire Brillouin zone (BZ) and the splitting of
acoustic and optic branches up to 12 GPa of pressure [2]. Above this value, the
sample broke in a similar fashion to what happened during REXS experiments
in doped and undoped systems. Softening of the acoustic branch occurs more
rapidly than in the optic counterpart towards the maximum value of pressure as
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Figure 5.16 Combined P-T electronic phase diagram for Sr3Ir2O7 including data
obtained by the different techniques mentioned in the main text [241, 253].
Scale on the right vertical axis stands for the the acoustic and optical
spin wave energies ∆ normalized by their ambient pressure values ∆0.
Abbreviations LRO and SRO for long- and short-ranged order.
shown in Figure 5.16.
Analysis within the linear spin-wave theory (LSW) allows establishing a model
where the numerous coupling parameters considered can be expressed as a
function of four terms: the octahedral rotational angle α, the ratio between the
Hund’s coupling and the on-site Coulomb interaction η = JH/U , a d-d transfer
integral including the oxygen between two Ir positions (t), and an effective
anisotropy term θ, which in turn contemplates the magnitude of the spin-orbit
coupling and the crystal field splitting [251, 255, 256]. In a qualitative approach,
the evolution of these four terms upon increasing pressure is expected to act
as follows. Since the Hund’s coupling JH is mostly an atomic parameter, η is
assumed to be independent of pressure. An increase in the spin-wave energy is
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expected in the central (π, π) and boundary (π,0) positions of the BZ as a function
of increasing t and/or θ. Finally, small variations in the angular rotation α of the
IrO6 units are not expected to modify the SW dispersion significantly.
By applying this model to the values obtained for the spin wave energy at HP
in the central (π, π) and boundary (π,0) positions of the BZ, we found that only
simultaneous increase of t, and decrease of θ, fits the experimental data. Figure
5.17 illustrates the results of this analysis. In the first panel (Fig. 5.17 a)), we can
see the fitted values of spin wave energies for different values of pressure, overlaid
with the theoretical dispersion that best matches the experimental data at 0
and 12 GPa, where solid and dashed lines correspond to acoustic and optical
branches respectively. In the remaining panels is represented the individual
theoretical evolution of θ, α and t upon applied pressure. Increase of electron
hopping is expected as a result widening in the electronic bands (W ∝ 2zt),
which in turn favours the orbital overlapping. α suffers rather small variations
upon applied pressure, in broad agreement with the experimental values for the
angle of rotation obtained from the single crystal XRD experiment reported in
Section 5.2.4 (open symbols in Fig. 5.17 c). Finally, θ is expected to decrease as
pressure builds up.
Variations in the effective anisotropy have been described as driving force for spin-
flop magnetic transitions in spin-orbit mediated Jeff = 1/2 systems [33, 229, 230,
255, 256]. The strong SO interaction takes the system away from the isotropic
Heisenberg picture of the magnetic exchange, into an anisotropic regime where
the magnetic spin direction is mainly dictated by the lattice geometry. The
intimate interlace between these two degrees of freedom, results in a collinear
antiferromagnetic order with the mangetic moments pointing along the c-axis
when θ is above a critical value, and canted antiferromagnetism within the ab-
plane wherein is below.
According to the investigations conducted by Kim et al. [251], the critical values
for the spin-flop transition happen to be θ ∼ 0.21π and η = 0.27 for Sr3Ir2O7.
From the progressive decrease of θ upon applied pressure deduced from RIXS
data, we found that this transition from collinear to canted antiferromagnetism
may occur at a critical pressure P0 ∼ 18 GPa, in broad agreement with
the PRc ∼ 14 GPa observed by Raman spectroscopy [241]. Parallel DFT
calculations predicts a 3% of epitaxial compression strain at the critical flip point.
Extrapolating from the compression of the ab lattice parameters observed in the
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Figure 5.17 Modeling of HP-RIXS spectra of Sr3Ir2O7 within the linear spin wave model
[253]. a) Fitted values of spin-wave energy dispersion that best describes
the experimental data. Solid and dashed lines (full and empty symbols)
stand for acoustic and optical branches respectively. Values for b) the
effective anisotropy θ, c) the rotation angle α and d) the electron hopping
constant t, obtained from best fit to the spin wave dispersion for each P
point. Shaded area in b) and d) represent the confidence intervals. Open
symbols in c) correspond to the values of α determined from single-crystal
XRD on Sr3Ir2O7 at 200 K within (see Section 5.2.4).
experimental results shown in Section 5.2.4, we found that the critical point for
the spin-flop transition is reached at 18 GPa, as illustrated in Figure 5.18 a).
In order to further confirm this hypothesis, the minimum energy Hamiltonian
describing the magnetic structure upon increasing pressure was also calculated
within the mean-field approximation and Monte-Carlo simulations. In both cases,
a critical value of Pcalc0 ∼ 18 GPa for T → 0, was found for the transition from
collinear along c to canted-antiferromagnetism within the a-b plane in good
agreement with the previous values. Figure 5.19 illustrates the spin-canting
process upon increasing pressure obtained from Monte-Carlo simulations. The
temperature dependence of TN(P) was also well described by both methods up
to 12 GPa. In Figure 5.18 b) it can be seen a summary of the experimental and
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Figure 5.18 a) Epitaxial compression of the ab-lattice parameters upon increasing
pressure obtained from single-crystal XRD and intersection with the
predicted value for the spin-flop transition P0 (3% of epitaxial compression).
b) Summary of the evolution of TN (P) upon pressure from experimental and
Monte-Carlo simulations. Raman data adapted from [241].
calculated values of TN(P) for doped and undoped Sr3Ir2O7 by REXS, Raman
scattering and Monte-Carlo simulations on the pure material. The blue star also
represents the critical pressure at which the magnetic moment vanishes according
to the Imag/Icharge ratio.
The difference between the experimental value PRc observed by Raman and the
critical pressure P0 predicted by different methods, may rely on the assumptions
made for the modelling such as invariant tilt around c or fixed η, since bandwidth
broadening upon applied pressure is expected to reduce the Coulomb repulsion).
Additionally, the presence of quantum fluctuations affecting the electronic ground
state can also be significant in Jeff = 1/2 at low temperature and are neglected
in both, mean-field and Monte-Carlo simulations.
First order staggered magnetization per spin is given by < m > = S − ε, where
ε contemplates quantum fluctuations and S stands for the spin quantum number.
By simulating the PT dependence of <m> using the spin-wave dispersion
calculated for the RIXS data at different values of pressure, we found that <m>
tends to 0 at a critical pressure of PQCP ∼ 20 GPa for all temperatures, which
may be an indication of quantum phase transition (QPT). Although PQCP is
significantly highier than PRc , it is remarkably close to the first-order structural
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Figure 5.19 Spin configuration at T = 0 for various pressures, determined from classical
Monte-Carlo simulations. A spin-flop transition occurs between 15 and 20
GPa. Unit cell within the monoclinic space group C2/c (No. 15).
transition observed by PXRD at 20 K (see Figure 5.16) [248].
Another possibility is the presence of a tricritical point at 13 GPa supported by
the coincidence between TN(P) and TS(P) below 100 K observed in the Raman
study [241] close to Pc. This would somehow explain the degradation in the
sample quality above 12 GPa, observed in REXS and RIXS experiments.
The presence of a first order structural transition coincident with a potential QPT,
could give rise to the existence of a quantum widom line (QWL) in Sr3Ir2O7;
i.e. a line in whose proximity there is continuous evidence of strong quantum
fluctuations for all values of PT, until reaching a minimum critical point (Pc, Tc)
(dotted vertical line in Fig. 5.16).
Because of the close similarity observed to the phase-diagram of MnSi [257, 258],
a final point needs to be made regarding the potential magnetic ground state
that may occur between Pc and PQCP . In MnSi, the region delineated by the
mismatch of Pc and PQCP seems to present partial electronic order in the shape of
helical fluctuations. Whether this or some other exotic quantum behaviour takes
place in this region is still to be disclosed. Likewise, experimental observation
of the canted two-dimensional antiferromagnetic order predicted to occur in the




Final remarks and future prospects
Contents
6.1 Novel technological means for HP resonant x-ray studies . . 129
6.2 Pressure tuning of the magnetic nature of Sr3Ir2O7 and
(Sr1-xLax)3Ir2O7 . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.3 Final discussion and future developments . . . . . . . . . . . 133




In this final Chapter, I provide a short summary of the principal results of this
thesis. First of all, I enumerate the main characteristics of the HP system designed
for conducting REXS experiments on I16, followed by an overview of the future
perspectives of the field. In a similar manner, there is a discussion on the major
results obtained from studying the magnetic order of Sr3Ir2O7 and the doped
counterpart (Sr1-xLax)3Ir2O7 under pressure. These results prove the unrivalled
potential and versatility of HP-REXS experiments for the study of intermediate
to strongly correlated states with competing energy scales in 5d TMOs.
6.1 Novel technological means for HP resonant x-ray
studies
With regards to the technological side of the HP-REXS experiments, I have
presented the design of a high-pressure system consisting of an asymmetric
membrane-driven diamond anvil cell for operation in back-scattering geometry.
The cell presents a wide aperture fitting a maximum scattering angle of 100
degrees. The new setup also includes a panoramic dome and a set of fibre optics
to measure the level of pressure in situ at low-temperature using the luminescence
of ruby. These characteristics, remote membrane actuation and low-temperature
pressure tuning, are particularly beneficial for the performance of synchrotron
experiments, which are often costly and time-limited. The possibility of changing
pressure at low temperature eliminates the need to thermally cycle to room
temperature with each pressure change, maximising the time efficiency during
the experiment.
Different tests demonstrated the successful performance of the setup, including
a membrane burst trial and different P-T off-line tests that ensured safe use up
to 20 GPa of pressure (for anvils of 500 µm of culet diameter), and down to
30 K of temperature. The compact dimensions of the cell, 57 mm in diameter
and ca. 20 mm in height, allow easy coupling to other cryostat models available
at most of the large research facilities. Simple modifications to the cell body
and the dome could ready this design for use at other beamlines. Another key
parameter for HP-REXS experiments is the absorption from diamonds. Values
of excitation energy below 8 keV were found to be critical using anvils 1.25 mm
thick. Nevertheless, measurement at the Ni K-edge (8.333 keV) was successfully
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tested on I16.
In spite of the fact that the HP-REXS setup meets the initial project target, a few
aspects could be further improved in the future. For example, the measurement
of the ruby fluorescence is at times compromised by the progressive lift of the
sample chamber with respect to the fibre-tip when inflating the gas membrane to
increase pressure. Defocusing and a significant loss of intensity in the ruby signal
occurs when the distance between the fibre-tip and the sample chamber grows.
Use of either adjustable optics outside the cryostat or alternative pressure gauge
methods as the equation of state of gold, were considered to amend this problem.
On the one hand, using external optics implies higher complexity and higher cost
with respect to the current optical setup. On the other hand, the use of the
lattice parameters of gold as pressure scale is significantly more time-consuming
in I16 than the measurement employing a ruby, while not resulting in a superior
accuracy at low temperature.
The second improvement to explore is the reduction of the pressure cell
dimensions. A smaller DAC would allow both scattering in Laue geometry and a
reduction of the minimum temperature inside the cryostat. Freeing space makes
possible fitting additional shielding stages to improve the thermal insulation.
Unfortunately, a reduction of the m-RXS DAC size is not possible without
sacrificing the membrane capacity. In order to explore alternatives, a new cell
was designed based on a wedge actuating mechanism. The wedge-DAC presents
more compact dimensions to operate in transmission. However, full development
of this setup requires redesigning the cryostat dome and building an external
optical system, which is therefore left to future work.
6.2 Pressure tuning of the magnetic nature of Sr3Ir2O7
and (Sr1-xLax)3Ir2O7
This thesis explores the potential HP-REXS experiments have in the study of
5d correlated materials. In particular, the magnetic nature of Sr3Ir2O7 and
(Sr1-xLax)3Ir2O7 [x = 0.007(1)] was investigated upon the application of static
pressure. Analysis of the data revealed that TN(P) decreased progressively in ∼
-10 K/GPa in both pure and doped systems as the pressure was increased up to
12 and 8 GPa respectively. The effect of 0.7% La doping in the magnetic ordering
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temperature is equivalent to the application of 4 GPa of static pressure on the
pure system. Considering this shift, TN(P) follows remarkably similar trends in
both while remaining consistent with the ordering temperature values estimated
from HP Raman spectroscopy data on Sr3Ir2O7 [241] (see Fig. 5.16).
A linear decrease in the ordered magnetic moment was also observed in pure and
doped samples upon an increase in pressure. Similar application of a 4 GPa shift
upwards in pressure on the data set from the doped material and joint analysis
with the Sr3Ir2O7 data, revealed a linear reduction in the magnetic ordering
moment of 8-9% per GPa. Extrapolation of the linear fit that best describes
this trend, predicts vanishing of the long range magnetic order in the proximity
of 13.5 GPa, in good agreement with the magnetic and structural transitions
recently reported by Zhang et al. [241].
Change in the correlation length or the realisation of a disordered state are
both possible explanations for the loss of ordered magnetic moment. Three-
dimensional hkl-analysis of the FWHM shows a concurrent isotropic broadening
of the magnetic and charge reflections above ∼ 8 GPa. The absence of either a
significant shift in the peak positions or a sign of directionality in the FWHM
widening, suggests the correlation is constant within the range of pressure
explored. Additionally, an alteration of the magnetic structure symmetry is also
not possible since no extra reflections were found after mapping the portion of
the reciprocal space accessible within the pressure cell limits. There are therefore
two possible scenarios which could justify the reduction of the magnetic moment
projected along the c-axis. On the one hand, a magnetostriction effect could
be contributing to the distortion and the eventual collapse of the crystalline
structure upon increasing pressure. Consequently, the sample may break into
smaller crystallites which are slightly tilted with respect to each other. This
would reduce the coherence of the magnetic order and in turn, the magnitude of
the resulting moment. On the other hand, a coordinated distortion of the spins
pointing along the c-axis towards the ab-plane may occur, transferring a fraction
of the moment to the ab-plane. Unfortunately, the experimental evidence does
not allow to establish the prevalence of one these hypothesis over the other since
the crystalline quality of the samples was systematically spoiled above Pc ∼ 12
GPa.
Computational modelling of the spin-wave energy dispersion obtained by RIXS
up to 12 GPa in the central (π, π) and boundary (0, π) positions of the BZ, reveals
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that only a simultaneous decrease in the effective anisotropy θ and an increase
of the electronic-hopping constant t can effectively describe the experimental
data. The two remaining parameters considered within LSW theory, namely
η = JH/U and α, were assumed and predicted to remain constant respectively.
The latter is in good agreement with the marginal octahedral rotation observed
experimentally by HP-XRD. Changes in the anisotropy term have been described
as the precursor of spin-flop transitions in spin-orbit mediated Jeff = 1/2 systems
[33, 229, 230, 255, 256]. Interpolation of the critical values reported by Kim et al.
[227] within the parameters determined by HP-RIXS data, predicts a potential
spin-flop transition at P calc0 ∼ 18 GPa in Sr3Ir2O7. Parallel DFT and Monte-
Carlo calculations of the epitaxial compression and the lowest energy magnetic
Hamiltonian at which the spin-flop transition may occur, reveal similar critical
pressure values in the proximity of 18 GPa, further supporting the spin-canting
hypothesis.
As previously discussed, this transition is one of the potential scenarios that
could account for the progressive loss of magnetic ordered moment observed
by REXS upon increasing pressure. Similarly, direct experimental validation
of this mechanism was not possible via HP-RIXS since an analogous consistent
degradation of the sample quality occurred in all the experiments above Pc ∼ 12
GPa.
In the case of the HP-REXS studies conducted on (Sr1-xLax)3Ir2O7 crystalline
deterioration occurred at much lower pressure of 8 GPa, well below the 12 GPa
observed for the pure system. The disparity between these values is indicative of
independence from the PTM as the potential cause of the sample degradation.
Nevertheless, considering that 0.7% of La doping reduces the magnetic ordering
temperature the same as the application of a 4 GPa of pressure in Sr3Ir2O7,
crystalline degradation occurs at equivalent levels of strain in doped and pure
materials.
The Pcalc0 values calculated through different methods are in broad agreement
with the experimental evidence (PRc ∼ 14.4 GPa [241], PImag/Ich→0 ∼ 13.5 GPa
and Pc ∼ 12 GPa). Different factors may be responsible for this inconsistency.
Firstly, η = JH/U may vary given the bandwidth broadening expected upon
increasing pressure and the consequent reduction of the local Coulomb repulsion
U. Secondly, quantum fluctuations which are neglected in mean-field and Monte-
Carlo simulations, can often be significant in Jeff = 1/2 systems, potentially
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leading to an overestimation of the critical pressure values.
Additional PT-modelling of the staggered magnetization per spin <m> which
considers quantum fluctuations predicts a quantum critical point at PQCP ∼ 20
GPa for all temperatures. This may point towards the existence of a quantum
phase transition (QPT). In a similar manner to what occurs in MnSi [257, 258],
the presence of both a tricritical point at Pc and a region of quantum criticality
at higher pressure are compatible. The area delimited by the mismatch between
Pc and PQCP may be the realm of exotic quantum behaviour. Further work is
certainly required to obtain experimental evidence of the electronic order in this
area and to prove the potential canted two-dimensional antiferromagnetic order
predicted in this study.
6.3 Final discussion and future developments
This thesis demonstrates the substantial potential of REXS in the study of
electron correlated materials under high-pressure conditions. In particular, HP-
REXS results are extremely advantageous for the investigation of magnetism
in single-crystals, which is otherwise often compromised by the larger sample
volumes needed in neutron scattering. Therefore, the development of this
technique opens the door to a new tantalizing territory of physics full of exciting
phenomena. The encouraging experimental results obtained from investigating
the magnetic order of Sr3Ir2O7 are just a single example of the vast number
of materials that can be studied using HP-REXS. Compounds containing 5d
elements are a vibrant arena for investigating intermediate to strongly correlated
states with competing energy scales.
The design of high-pressure instrumentation specifically dedicated to REXS
experiments is rather scarce. Mostly challenged by the strong absorption from the
diamond anvils in the range of energies commonly exploited (< 13 keV) and due
to the spatial restrictions imposed by the cryogenic environment often required
to observe the electron-correlation phenomena. Nevertheless, recent technological
developments are bringing researchers closer to meeting these ambitious demands.
The instruments proposed here are a clear example of it.
In addition to the m-RXS setup, further developments can be done in the
following directions. The wedge-driven design discussed in Section 4.3.2 could
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be a good alternative for operating in transmission geometry and for coupling
with a CCR unit. Pressure cells of smaller dimensions are crucial in order to
fit within the limited space available inside this type of compact cryostat. More
bulky cryogenic units are able to reach lower temperatures and to accommodate
larger pressure cells. However, they heavily restrict the angular freedom provided
by a 6-axis kappa diffractometer, a key aspect in REXS experiments which aims
to maximise the number of accessible diffraction angles. Another remarkable
contribution is the incorporation of wide-angle partially perforated anvils that
contradicting general intuition, present remarkably high strength in spite of the
large volume of anvil material removed from them to reduce the beam absorption.
This type of anvils would grant access to materials presenting a lower energy
absorption edge below 8 keV.
Another important development for the field is the assessment of the accuracy of
the applied pressure scales under cryogenic conditions. Traditionally, the focus
of high-pressure research has been on achieving high-temperature conditions
for geological studies. Given the relative novelty of high-pressure cryogenic
investigations, it is therefore crucial to re-evaluate the reliability of the pressure
gauges employed at low-temperature.
Aside from the factors which strictly involve high-pressure instrumentation, a
natural extension of HP-REXS studies is the addition of magnetic fields necessary
to probe the broader three-dimensional space of (H, P, T). Materials such as the
Berylco alloy which was utilised in the construction of most of the cell parts
presented in this thesis, show very low magnetic-permeability and are useful for
this purpose.
Another interesting upgrade is the capability of tuning the angular polarisation of
the incident beam. This opens the possibility of recovering the lost geometrical
sensitivity due to the confinement of the sample within the pressure cell that
impedes the rotation around the scattering vector (azimuthal scan). In this way,
variations in the projection of the magnetic moment with respect to the incident
beam polarisation can be proved keeping the sample steady.
Finally, the advent of the 4th generation synchrotron radiation sources is expected
to significantly improve the counting statistics of HP-REXS studies, which will
drastically reduce the acquisition time and enhance the sensitivity, enabling
detection of weaker electronic correlations. Combining all these developments
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holds much potential for future investigations in the field of intermediate to
strongly correlated materials.
6.4 Conclusions
 On the technical side of this thesis, a new high-pressure setup was designed
to perform HP-REXS experiments on I16, a world-class beamline to study
strong to moderate electronic correlations.
 The new system consists of a membrane-driven pressure cell (m-RXS DAC),
a set of optics and a panoramic dome for x-ray scattering in Bragg geometry
through a 100o solid angle aperture.
 Pressure can be continuously tuned by inflating a metallic gas-membrane at
low temperature and a system of optical fibres is used to excite and collect
the fluorescence of ruby as pressure gauge.
 The HP-REXS setup is able to operate at a maximum pressure of 20 GPa
using anvils of 500 µm in culet diameter and between ambient and 30 K of
temperature.
 The m-RXS DAC is only 56 mm in diameter and ca. 20 mm in height,
allowing easy coupling with the most common cryostat models available in
large research facilities.
 The minimum excitation energy at which the diamond absorption becomes
critical lies just above 8 keV for anvils 1.25 mm thick. Collection of resonant
scattered reflections at the Ni K-edge (8.333 keV) was possible and tested
by studying AgNiO2 under pressure on I16.
 An additional pressure cell based on a wedge-driving mechanism was
partially developed.
 The wedge-DAC presents a more compact design with respect to the
membrane-driven counterpart. It aims to operate in Laue -transmission-
geometry and to lower the minimum temperature accessible.
 The extra space made available by the wedge-DAC with respect to the m-
RXS cell can be used to accommodate additional shielding stages improving
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the thermal insulation of the cryostat. Full development and testing of this
prototype is subject of future research.
 On the scientific part of this thesis, the magnetic behaviour of Sr3Ir2O7 and
0.7% La doped (Sr1-xLax)3Ir2O7 was studied by REXS between atmospheric
and 12 GPa of pressure.
 The application of static pressure suppresses the magnetic ordering
temperature TN in both, doped and undoped systems, at a rate of -10
K per GPa applied.
 The effect of 0.7% La doping in the magnetic ordering temperature is
equivalent to the application of 4 GPa of pressure on the pure system.
 A linear reduction of the magnetic ordering moment of − 8-9%/GPa
occurred within the range of pressure explored. Extrapolation of the linear
fit that best describes this trend, predicts the long range magnetic order
vanishes at PImag/Ich→0 ∼ 13.5 GPa.
 Neither a change in the correlation length of the magnetic order (3-D
FWHM analysis) or the alteration of the magnetic structure symmetry seem
to be responsible for the loss of magnetic moment.
 Rather magnetostriction effects or a coordinated distortion of the spins
pointing along the c-axis towards the ab-plane may be the cause of the
magnetic order reduction.
 Experimental evidence for coordinated spin distortion was not possible
since the crystalline quality of the samples was systematically spoiled in
the proximity of 12 GPa.
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Figure E.1 Drawings of the dome designed for HP-REXS experiments and detail of the
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Figure E.2 Section view of the assembly of the dome designed for HP-REXS
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Université Joseph Fourier, France
Keywords: high-pressure; resonant X-ray
scattering; DAC; instrumentation development;
low temperature.
High-pressure developments for resonant X-ray
scattering experiments at I16
I. Povedano,a,b* A. Bombardi,b,c D. G. Porter,b M. Burt,b S. Greenb and
K. V. Kameneva
aSchool of Engineering and Centre for Science at Extreme Conditions, The University of Edinburgh,
Edinburgh EH9 3FD, UK, bDiamond Light Source Ltd, Harwell Science and Innovation Campus,
Didcot OX11 3PU, UK, and cClarendon Laboratory, Department of Physics, University of Oxford,
Parks Road, Oxford OX1 3PU, UK. *Correspondence e-mail: isabel.povedano@diamond.ac.uk
An experimental setup to perform high-pressure resonant X-ray scattering
(RXS) experiments at low temperature on I16 at Diamond Light Source is
presented. The setup consists of a membrane-driven diamond anvil cell, a
panoramic dome and an optical system that allows pressure to be measured
in situ using the ruby fluorescence method. The membrane cell, inspired by the
Merrill–Bassett design, presents an asymmetric layout in order to operate in a
back-scattering geometry, with a panoramic aperture of 100 in the top and a
bottom half dedicated to the regulation and measurement of pressure. It is
specially designed to be mounted on the cold finger of a 4 K closed-cycle
cryostat and actuated at low-temperature by pumping helium into the gas
membrane. The main parts of the body are machined from a CuBe alloy
(BERYLCO 25) and, when assembled, it presents an approximate height of
20–21 mm and fits into a 57 mm diameter. This system allows different materials
to be probed using RXS in a range of temperatures between 30 and 300 K and
has been tested up to 20 GPa using anvils with a culet diameter of 500 mm under
quasi-cryogenic conditions. Detailed descriptions of different parts of the setup,
operation and the developed methodology are provided here, along with some
preliminary experimental results.
1. Introduction
A plethora of phenomena such as multiferroicity (Lee et al.,
2013), metal–insulator transitions (Calder et al., 2012), charge-
ordering (Pascut et al., 2011), solving the magnetic structure of
frustrated magnets (Agrestini et al., 2008; Biffin et al., 2014)
or the distribution of magnetic domains (Fabrizi et al., 2010;
Waterfield-Price et al., 2016) have been understood using the
resonant X-ray scattering (RXS) technique. The RXS tech-
nique is based on the enhancement of the magnetic scattering
cross-section that occurs when the energy of the incoming
beam is tuned to the proximity of an absorption edge of the
magnetic element of interest (Gibbs et al., 1988; Hill &
McMorrow, 1996). During the resonant process, electrons
from a specific electronic level in the core are promoted to
a virtual state near the Fermi level and immediately decay
(Blume & Gibbs, 1988), emitting a photon with the same
energy as the incident one. This powerful combination of
spectroscopic information via the access to the specific
projection of the electronic density of states and crystal-
lographic capability via the sensitivity to periodic arrange-
ments of electrons and magnetic moments in crystalline
materials provides a unique source of information that has
proven invaluable in understanding many complex electronic
phenomena.
ISSN 1600-5775
# 2020 International Union of Crystallography
All the electronic arrangements mentioned above are
particularly sensitive to the spatial distribution of the atoms
involved in the correlation. By applying pressure we can
induce changes in the crystal lattice, varying the orbital
overlapping – distance and angle between atomic orbitals –
and therefore we may affect directly the relative strength and
in some cases the relative sign of the magnetic exchange
interactions. Thus, using pressure, new exciting ground states
can become accessible, such as for the case of the recently
achieved high-temperature superconductivity on LaH10
(Drozdov et al., 2019), the pressure-induced ferroelectricity in
GdMn2O5 (Poudel et al., 2015) or the tuning of the metal–
insulator transition in Ca2RuO4 (Nakamura, 2007).
Historically, the device most commonly used for high-
pressure (HP) experiments due to its compact design and large
range of pressures reachable is the diamond anvil cell (DAC).
In a DAC, the sample, a single crystal in RXS experiments, is
placed between the flat tips of two opposed diamond anvils
and confined in the hole of a metallic gasket. In this chamber,
pressure is generated by applying force on the anvils (see
Fig. 1). In order to generate isotropic pressure, the sample
space is also filled with a pressure-transmitting media (PTM)
(gas, liquid or solid) which helps to maintain hydrostatic
conditions. Additionally, we place a pressure marker in the
sample chamber – a substance with a well known response to
applied pressure such as an in situ pressure gauge.
Despite the potential of the combination of HP and RXS,
there are not many examples in the literature using these two
techniques, mainly due to the technical difficulties associated
with the experimental setup, discussed in the next section, and
the fact that the enhancement of the resonant signal is large
only for dipolar transitions from electrons in the core towards
semi-occupied electronic levels responsible for the magnetic
properties of the material, in the presence of a strong spin–
orbit coupling. Only under these conditions is the enhance-
ment of the resonant signal large, facilitating the detection of
the scattered signal. Most of these phenomena require low
temperature to stabilize the electron-correlated state, which
makes the manipulation of a DAC more complex due to the
need of mechanisms for remote actuation. Additionally, the
increase of the dissipation in the transmitted force due to the
increased friction at low temperature, the limited space
available inside the cryogenic equipment and the possible
variations in the thermal contractions of the different parts of
the cell represent further challenges. Moreover, most of the
resonant edges of interest occur at energies below 13 keV,
where the absorption of the diamond anvils can be high
enough to compromise the detection of the weak scattered
signal (Sapelkin & Bayliss, 2001). Nonetheless, the newly
found interest towards 5d transition metal compounds
showing a large increase of the signal at energies where the
diamonds are relatively transparent, together with further
improvement of the synchrotron capabilities that allow a
reduced beam size with high flux, reactivates the attention
of the condensed matter community towards the HP-RXS
experiments. For these reasons, the design of tailored HP
instrumentation compatible with the demands of RXS is
needed.
In this paper, we present a new HP-RXS setup to perform
experiments in back-scattering configuration within 30–300 K
and up to 20 GPa of pressure on I16, the Materials and
Magnetism beamline at Diamond Light Source (Collins et al.,
2010). The new setup includes a membrane-driven DAC, an
optical system to measure pressure in situ and a custom-
designed panoramic dome. Some of the preliminary tests
performed are also shown, proving the feasibility of this
experimental approach.
2. HP setup for RXS
In order to design a high-pressure setup for RXS we need to
overcome the following technical challenges.
We need a pressure cell with a large opening in order to
maximize the scattering angle and, therefore, with access to
reciprocal space while maintaining its mechanical strength.
It must be compact enough to operate at low temperature
for two reasons: the limited space inside cryogenic devices and
the fact that the smaller the mass inside the cryostat the easier
it is to reach thermal equilibrium. Ideally, it should be
machined from material that has high thermal conductivity
and low thermal expansion, while remaining mechanically
strong at low temperature. The design must also provide the
means of changing and measuring pressure in situ in the whole
range of temperature. Finally, it is necessary to reach a
compromise between the dimensions of
diamond anvils and sample. The smaller
the culets of the anvils, the higher the
pressure we can access, but the smaller
the size of the crystal that we can fit in
the sample chamber and therefore the
scattered signal we obtain. Additionally,
the detection of the scattered peaks also
depends on the contribution of the
diamond scattering into the background
noise and the absorption of radiation by
the diamond anvils, which changes
significantly with the incident X-ray
energy and becomes particularly critical
below 7 keV (Sapelkin & Bayliss, 2001).
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Figure 1
Illustration of the assembly and the main components of a diamond anvil cell: opposed diamond
anvils, metallic gasket and sample space. The image on the right also shows in detail the elements
placed in the sample chamber: sample, PTM and pressure marker.
In Fig. 2, we can see how the thickness of the anvils plays a key
role in the feasibility of the HP-RXS experiments. Small
changes in the thickness result in significant variations in the
transmitted signal. The anvils employed in our cell are a
thinner version of the commercially available Boheler–Almax
cut (Boehler & Hantsetters, 2004), with a final thickness of
1.2 mm. If we consider the total path
of the incident and outgoing photons,
the X-rays travel through a minimum
thickness of 2.4 mm when perpendi-
cular to the diamond face. Under
these conditions, the minimum energy
accessible without a huge reduction of
the incident beam is just above
7.5 keV (solid line in Fig. 2). Other
authors found a good solution using
wide-angle partially drilled anvils in
Laue geometry (Feng et al., 2014;
Wang et al., 2016). In this case, a
conical partial perforation of 60
reduces the total thickness of
diamond crossed by the X-ray beam
under 1 mm. However, for the back-
scattering configuration chosen for
the present design, such a solid angle
limits considerably the access to the
reciprocal space.
In the following sections, we
describe the different parts of the
experimental setup for HP-RXS
experiments, including a detailed
description of its operation.
2.1. Cell design
The proposed system was designed for use with the
instrumentation available on I16, in particular a 4 K closed-
cycle cryostat (D-202N) mounted on a Newport six-circle
kappa goniometer. Keeping in mind the limited space avail-
able to host the cell, we designed a membrane-driven DAC
inspired by the Merrill–Basset idea (Merrill & Bassett, 1974)
with three pins for alignment and three screws as the locking
mechanism. In Fig. 3, we can see a cross-sectional and a
exploded view of the CAD model of the cell.
The material chosen for constructing the upper and lower
body (parts 10 and 3 in Fig. 3), the piston (6) and the cryostat
holder (2) is a CuBe alloy, BERYLCO25 from NGK (NGK-
alloys, 2019), which combines non-magnetic behaviour with
good thermal conductivity and mechanical high strength at
low temperature (LT).
The cell presents an asymmetric design, with a panoramic
aperture of 100 in the top part and a bottom half dedicated
to the regulation and measurement of pressure. Unlike the
original Merrill–Basset design, where the force is generated by
tightening the locking screws (11 in Fig. 3), our design includes
a gas membrane (4) that pushes the piston (6) and transmits
the force towards the sample cavity. The gas membrane is
hosted within the bottom half of the cell body avoiding the use
of any additional fastening mechanism that would increase the
overall thickness of the cell. When assembled, the cell is
approximately 20–21 mm high, and fits into a circle of external
diameter of 57 mm (circumference tangential to the triangular
profile). This latter requirement is largely imposed by the
required area of the gas membrane in order to reach the target
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Figure 2
X-ray transmission (note the logarithmic scale) through diamond anvils
of thickness between 1.0 and 2.0 mm for the range of energy between
6 and 15 keV calculated from Henke et al. (1993). We consider that the
total thickness that the X-rays need to cross is twice the thickness of one
anvil. For the anvils employed in our experiments, 1.2 mm thick, the
X-rays need to go through a total thickness of 2.4 mm of anvil material
(solid line). The dotted vertical lines represent some of the most common
resonant edges of interest.
Figure 3
(a) Exploded view of the CAD model of the pressure cell. (1) Fibre optic, (2) cryostat adapter, (3)
lower-body, (4) gas membrane, (5) alignment pin, (6) piston, (7) tungsten carbide seats, (8) diamond
anvils, (9) gasket, (10) upper body and (11) M5 locking screws. (b) Section view of the cell with key
dimensions in mm (opening angle in degrees).
pressure in the sample chamber. Taking into account the
definition of pressure, P = F /A, we considered the target
average pressure of 16 GPa at the anvil level, 120 bar in the
membrane (36% under the safe limit of the gas controller,
190 bar) and oversized culets of 900 mm (12% larger than the
maximum culet size considered for real experimental condi-
tions) in order to compensate for the loss of force due to the
friction between the various moving parts of the cell.
Although the mechanism of pneumatic actuation was first
proposed by Letoullec et al. (1988), our membrane design is
more similar to the style of double-sided diaphragms (Daniels
& Ryschkewitsch, 1983; Sinogeikin et al., 2015). Our
membranes are much more compact as they are built by
welding two circular pieces of stainless steel foil, each 0.2 mm
thick, with a final external diameter of 33.5 mm (35% smaller
than the American counterparts) and with an inner hole of
4 mm. After use, the total thickness of the membrane changes
to 0.5–0.7 mm. Attached to one of the faces is a metallic
capillary (1 mm outer diameter) to introduce the gas and
generate the force. For assessing the safe pressure limit of the
membrane, a controlled burst test found a failure pressure
of 850 bar, more than 600 bar over the maximum intended
working pressure employed during our experiments.
We considered two options for the geometry of the
experiment with the scattering plane crossing the diamond
anvils. In Fig. 4(a) we show the Bragg geometry (back-scat-
tering), where the reflected X-rays are collected though the
same side of the cell through which the incident beam hits the
sample; and in Fig. 4(b) the Laue configuration (transmission),
where the scattered light is collected from the side opposite
to the exciting beam. In Bragg geometry, we can use thicker
samples, which are easier to prepare, and which also provide
access to the high-angle region of the reciprocal space richer in
reflections. In Laue geometry, the alignment of the sample in
the beam is easier to conduct; the drop in the intensity of the
transmitted signal due to the presence of the sample is larger
than in the back-scattering geometry. This is the approach
followed by Feng et al. (2014), using partially perforated
diamonds to reduce the diamond absorption in transmission
geometry. However, moving back to the comparison between
Bragg and Laue configurations, in our particular case, to reach
the same target pressure in transmission we would need a
larger cell body in order to accommodate a larger membrane.
Thus to obtain a symmetric scattering angle in both sides of
the cell while keeping the same area in the membrane, its
external diameter would be significantly larger. Under these
conditions, the sample chamber would be easily above the
centre of rotation without possibility of adjustment. For this
reason, we found the back-scattering configuration as the most
convenient for coupling with our current instrumentation
arrangement.
Alternative designs with the scattering plane across the
metallic gasket to avoid the absorption of radiation of the
diamond anvils have been proposed by other authors
(Kernavanois et al., 2005). In these cells, a wider scattering
angle can be accessed as well as absorption edges of lower
energy. Despite these advantages, they employ beryllium as
the gasket material, which is widely known for its toxicity and
requires special dedicated handling instrumentation which is
not currently compatible with the regulations at Diamond.
The back-scattering configuration leaves free the bottom
face of the cell that can be employed for hosting the optics
needed for the pressure measurement using the ruby fluor-
escence method (Piermarini et al., 1975). To this end, we
developed an optical system that consists of two sections: a
bifurcated fibre in the external part of the cryostat, made of six
individual laboratory-grade cores, 300 mm in diameter and
2.5 m long, assembled in two legs (5 + 1) from Ocean Optics;
and a single core fibre (1 mm thick) inside the cryogenic
device. The three ends of the bifurcated fibre are connected
through SMA connectors to a 532 nm diode laser, a portable
spectrometer from Ocean Optics (MayaPro4000) and the
single core fibre inside the cryostat. The end of the inner fibre
in the proximity of the sample chamber is a manually polished
free end with no fitting.
A number of alternative models for the optical setup were
tested including additional mirrors and collimation lenses.
However, the loss of light due to the transfer between
different optical elements was found to
be larger than in the system adapted for
our cell and described above.
2.2. Panoramic dome
In addition to the pressure cell, a
panoramic dome has been designed
specifically for the HP-RXS experi-
ments. The dome is machined from steel
304L; it presents a cylindrical structure
divided into three sections with a total
height of 27.3 cm over the base of the
cryostat and 10.2 cm in diameter. The
possibility of assembling the dome in
three separate parts allows its top
section to be easily replaced to accom-
modate different experimental geome-
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Figure 4
View of the back-scattering (a) and transmission (b) configurations.
tries. In Fig. 5, we show a CAD model with some of the main
features of the design.
In this first version of the dome, the upper section is
specifically designed for experiments in back-scattering with
three kapton windows: a panoramic aperture at the top for the
scattering of the X-rays and two lateral windows for optical
access. Kapton and beryllium are the only reliable materials
employed for windows in cryogenic devices due to their low
absorption of X-rays. Kapton allows visual examination of
the cell while showing a reasonable durability to conduct
the experiments and offers a reasonable transmission above
7 keV. The lower section of the dome presents four fitting
ports, one of them dedicated to the insertion of the gas
capillary for pressure regulation and the second one for
the fibre optics. In order to prevent large oscillations of
temperature when pumping gas into the membrane, the gas
capillary is attached to the first stage of the cryostat so the gas
is pre-cooled before reaching the cell body. In Fig. 6, we
provide a photograph of the real pressure cell and the setup
for HP-RXS experiments.
2.3. Loading and operation
In order to perform an HP-RXS
experiment, we start by loading the
pressure cell. First, the sample is placed
as described before between the two
tips of the diamond anvils, centred
in the hole of a pre-indented metallic
gasket (see Fig. 1). Once the sample is
in the desired orientation, we include
the pressure marker and the PTM in
the sample chamber. Then, the cell is
clamped by tightening the three M5
screws and mounted on the head of the
cold finger. Once the cell is mounted on
the cryostat, the next step is the align-
ment of the sample in the centre of
rotation of the diffractometer. In a first
approximation, with the cryostat open
as in Fig. 6(a), we adjust the sample position optically by using
a set of cameras in different orientations. Then, using the
X-ray beam, we scan the gasket hole along the three directions
of the space x, y and z, looking for a drop in the diffuse
scattering from the diamond due to the presence of the
sample. In order to look for a drop along the z axis [see system
of coordinates in Fig. 6(b)], assuming the sample is flat and
parallel to the diamond tips, we rotate the cell 5 around an
axis normal to z. Then, with the sample tilted, we scan along
the z axis and we update the sample position to the point
where the absorption is at its maximum. Now we are in a
position to start looking for diffraction peaks. After finding a
couple of reflections with their corresponding hkl indices, we
can build an orientation matrix to navigate in the reciprocal
space and to reach the position of the reflections of interest.
Once the alignment of the sample at room temperature is
complete, we can start cooling down the system. Due to the
limited space inside the cryostat we need to operate without
any sort of thermal shielding but the actual dome. This limits
the minimum temperature reachable to 30.5 K, with an
approximate cooling time of 2.5 h (see
Fig. 7). The increased base temperature
is due mainly to the mass of the cell and
the absence of the thermal shield. A
temperature difference is observed
between the head of the cold finger and
the cell body (Fig. 7, inset).
During the cooling process, the
height of the sample changes due to
the thermal contraction of the different
parts of the cryostat. This height varia-
tion is reproducible, so it is possible
to estimate the correction in sample
height based on the measured sample
temperature. In order to produce a
reliable temperature variation, the
cryostat is held at base temperature
while the sample temperature is
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Figure 5
CAD-model of (a) the cryostat dome with details of the feed-throughs dedicated to the gas capillary
and the fibre optics and the different optical windows. (b) Section view with details of the interior of
the cryostat in the proximity of the pressure cell. Shaded areas represent the scattering angle at the
top and lateral optical access at the bottom.
Figure 6
Pictures of the setup for HP-RXS experiments. (a) Pressure cell mounted on the cold finger. Detail
of the thermo-couple, optical fibre, gas capillary and cold-finger head. (b) Pressure cell and cryostat
coupling piece. (c) HP-RXS setup on I16. Detail of the X-ray source, optical fibre and detector.
controlled using a heater. Therefore, even for the cases when a
particularly low temperature is not required, initially the
system needs to be cooled down to base temperature. When
the target temperature in the cell is reached, we can look for
the reflections resulting from the electronic correlation of
interest, realign the sample position using the signal of the
peak under study (x, y, z scans described above maximizing
the peak intensity) and start the RXS experiment.
Pressure is controlled by pumping helium gas into the
membrane that pushes up the piston increasing the force in
the sample chamber. In Fig. 8, we can see the evolution of
the level of pressure in the cell against the pressure in the
membrane for two different temperatures. The two pressure
tests were performed using anvils with culets of 500 mm, 4:1
methanol :ethanol (ME) as PTM and a steel gasket (initially
200 mm thick) pre-indented down to 107 mm thickness. The
cell was loaded with a piece of ruby at an initial pressure of
1 GPa and mounted on the cryostat. Then, the temperature
was stabilized, firstly at 74 K and the pressure was increased,
reaching a maximum value close to 20 GPa measured by the
ruby fluorescence method and corrected to the actual
temperature. After that, the pressure in the membrane was
released and the test was repeated at 204 K. In both cases, we
found a deterioration of the ruby signal (broadening of the
peaks and loss of intensity) at the same critical pressure that
can be attributed to the lost of hydrostaticity at these condi-
tions and to the fact that the sample chamber is further away
from the fibre optics tip as we keep on increasing pressure by
inflating the membrane.
Additionally to the pressure experiment, extra tests were
performed in order to further develop the correct experi-
mental methodology, determining the time required to stabi-
lize the system when carrying out small variations of
temperature and to explore the possibility of using gold as an
alternative for pressure determination. In order to do so, we
prepared the membrane cell using anvils with culets of
800 mm, a steel gasket indented down to 116 mm and drilled
with a 500 mm hole in the centre of the indentation. Then,
the cell was loaded with gold and ruby using 4:1 ME as PTM.
Several pressure–temperature (P–T) points were reached
observing that for temperature increments of 5–10 K a stabi-
lization time of 35–40 min is required in order to reach the
thermal equilibrium. This long stabilization time is an
expected consequence of the temperature difference observed
between the head of the cold finger and the cell body (see
Fig. 7, inset), that could be improved using better insulation
from the exterior, improving further the thermal contact
between the cell and the cold finger and miniaturizing the cell.
For several of the experimental P–T points reached, we
measured the level of pressure using the dependence of the
ruby fluorescence shift applying the temperature correction
from Datchi et al. (2007) and the equation of state of gold from
Holzapfel et al. (2001). The results obtained can be seen in
Fig. 9. For the gold scale, the values of pressure were obtained
by averaging the lattice parameters calculated from the posi-
tion of the reflections (511), (531) and (442) and applying the
equation of state mentioned.
Both methods provide reasonably similar values of pressure
up to 4 GPa, from where we observed an underestimation
from ruby with respect to the gold gauge. This discrepancy
between the two approaches might be the result of a combi-
nation of deviatoric stress arising from the solidification of
the pressure medium (non-hydrostaticity) (Torikachvili et al.,
2015) and the fact that the crystal of ruby and the piece of gold
might not be exposed to the same stress due to the pressure
gradient along the sample chamber (Mao, 1978).
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Figure 7
Cooling time of the cell mounted inside the cryostat from ambient to base
temperature. The dashed line shows the minimum temperature reached.
The inset shows the temperature difference, T (K), between the top of
the cold finger and the cell body for different experiments. The dashed
line in the inset shows the average value of the temperature difference.
Figure 8
Results of the pressure test performed at 74 K and 204 K with blue
squares and red dots, respectively. Pressure in the cell in GPa as a
function of the pressure in the membrane in bars. The first determined
using the ruby fluorescence technique, the second regulated using a GE
Druck PACE5000 gas controller. The cell was prepared using 4 : 1
methanol : ethanol as PTM and it was closed initially at 1 GPa. The test
was performed in the first place at 74 K reaching a maximum pressure
close to 20 GPa. Then the pressure in the membrane was released and the
test was repeated at 204 K.
In favour of experimental simplicity, the ruby gauge is more
convenient. At the moment, the gas control unit for the
membrane is placed inside the experimental hutch and cannot
be controlled remotely from the control room. Therefore,
pressure-tuning requires switching off the beam, entering the
hutch and manually operating the gas membrane. Once we are
inside the hutch, whereas the ruby method allows the level of
pressure to be estimated directly in a few seconds, the use
of gold requires exiting the hutch once again, interlocking,
switching on the beam, aligning at the gold position and
acquiring the diffraction pattern. In some cases, we may need
to repeat this sequence of steps several times until reaching
the aimed level of pressure, increasing significantly the time
employed (from minutes to hours compared with the ruby
method). A second aspect that makes the use of gold less
suitable is the fact that the addition of extra components in
the sample chamber represents an extra source of background
noise that in some cases may be critical when trying to detect
particularly weak resonant signals. For our particular experi-
mental conditions and for the reasons just mentioned, we
consider the ruby fluorescence a better approach to estimate
pressure.
We also experienced some issues due to the chemical
reactivity of the different substances present in the sample
chamber when exposed to the X-ray radiation that hampered
our progress in establishing the correct experimental method.
On several occasions we observed photon-induced chemical
reactions in the sample chamber that degraded the quality of
the sample and prevented us from observing the signals of
interest. We tried different loading combinations of PTM
(4:1 ME, 1:1 n-pentene : isopentane, Silicone oil, Daphne oil
7373, NaCl, KCl) and substances employed to fix the sample
position (Vaseline, vacuum grease and superglue), finding that
not the loading combination but only the attenuation of the
beam was effective in preventing the reactions from
happening. At the energy range employed in our experiments
(8–13 keV), the absorption cross-section of X-rays is larger
than for higher energy, making the lighter elements in the
transmitting media more prone to undergo chemical reactions.
Helium gas loading was also considered to reduce the reac-
tivity of the sample chamber components. However, a
contraction in the chamber volume to 5–10% of the initial
value at HP–LT is expected when using stainless steel gaskets
(Feng et al., 2010), which requires initial thin samples, 10 mm
10 mm  5 mm, that would not take full advantage of the full
flux of the focused beam. A number of HP-RXS studies in the
literature consider 4 :1 ME as the best option for PTM (Feng et
al., 2010, 2014; Wang et al., 2016, 2019). On the other hand,
only 6 GPa of pressure at 200 K are sufficient to solidify He
(Mao et al., 1988; Loubeyre et al., 1993). Thus, it is not clear
that He provides a significant improvement in hydrostaticity
over 4 :1 ME at LT. The attenuation of the incident beam
down to 2% of the full intensity seems to be enough to avoid
the degradation of 4 :1 ME loadings and was adopted as the
preferred methodology. Besides the attenuation of the beam,
the use of steel as the gasket material was also found to be the
most adequate for our experiments. The emission lines of Fe,
K2 (6.390 keV) and K1 (7.057 keV), are far enough from the
range of energy employed in our experiments in order to
discriminate completely from the signal using the detector
energy threshold. Other gasket materials such as Re,
commonly used for the higher-pressure range, were found not
suitable for this reason.
3. Experimental application
An HP-RXS study on the magnetic order of Sr3Ir2O7 was
conducted on I16 using the developed instrumentation.
Sr3Ir2O7 is an intermediate case (n = 2) of the Ruddlesden–
Popper (RP) series of layered iridates Srn+1IrnO3n+1 that
presents tetragonal structure at ambient conditions (I4/mmm,
a = 3.9026 Å, c = 20.9300 Å) (Subramanian et al., 1994) and
magnetic order at relatively high temperature (TN = 285 K)
(Boseggia et al., 2012). In this family of compounds the
interplay between the octahedral crystal field and the strong
spin–orbit coupling at the Ir4+ (5d 5) sites combined with the
layered structure give rise to a rich landscape of fascinating
properties (Moon et al., 2008).
In particular, Sr3Ir2O7 is specially suitable for the HP-RXS
study for several reasons. Firstly, the Ir L3 absorption edge
(11.215 keV) falls within the energy range where the diamond
anvil absorption is not so strong to compromise the observa-
tion of magnetic reflections, as it is the case for other elements,
i.e. rare-earths. Secondly, this kind of perovskite structures
presents a natural tendency of the transition metal oxygen
octahedra to rotate and distort under a small compression,
that may affect the strength and sign of the magnetic exchange
interactions. Finally, the relatively high ordering temperature
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Figure 9
Comparative measurement of pressure for different experimental
conditions using the pressure shift of the R1 luminescence line of ruby
(Datchi et al., 2007) and the equation of state of gold from Holzapfel et al.
(2001). All the pressure points were acquired using the same loading for
different temperature and pressure conditions. The temperature for each
point is given (vertical) above the each data point. ‘S’ and ‘L’ stand for the
state of the pressure media (4 : 1 methanol : ethanol), ‘solid’ or ‘liquid’,
respectively. The first point in green corresponds to the reference for ruby
and gold at room conditions.
makes easier the experimental conditions for this first
experiment.
The full results of this study are beyond the scope of this
paper and are to be published in a separate document. Hence,
in Fig. 10 (left) we show the magnetic reflection (0.5, 0.5, 34)
and the Bragg peak (1, 1, 34) collected at 2.4 GPa and 150 K
using the experimental setup described here. In Fig. 10 (right)
we can see a comparison between the energy scan collected
under the same experimental conditions at the magnetic
reflection (0.5, 0.5, 34) and the fluorescence of the sample
acquired in transmission geometry at 2.2 GPa and 200 K using
a different system (Jin et al., 2017). The measured intensity of
the magnetic reflections in this system is about one-tenth of
that of an average charge reflection. This same ratio applies
for the loss of intensity observed when introducing the
samples in the pressure cell with respect to the bare crystal.
The collection time for these measurements was usually 1 s per
point, obtaining a typical signal-to-noise ratio of 2 :1 for the
magnetic signals.
In summary, we have developed a high-pressure system
for HP-RXS experiments on I16. It includes an asymmetric
membrane-driven diamond anvil cell for operation in back-
scattering geometry, with a solid opening angle of 100. The
system is fitted with a set of fibre optics that connects the
external and internal part of the cryostat, allowing the
measurement of pressure in situ using the luminescence of
ruby. This setup has been tested for pressures up to 20 GPa
and temperatures down to 30.6 K. A study on the magnetic
order of Sr3Ir2O7 was conducted and some of the experimental
data obtained are shown, proving the viability of the proposed
methodology. The compactness of the cell allows to potentially
couple it to other cryostat models available at most large
facilities. Simple modifications of the cell body and the dome
could be easily done to accommodate it for use at other
beamlines. Although a size reduction of the cell body is not
possible without weakening the membrane capacity, exploring
alternatives to reduce the dimensions of the pressure cell that
would allow operation in transmission geometry and reaching
lower values of minimum temperature would be convenient.
We also consider that the addition of a more complex external
setup for the measurement of the ruby fluorescence would
improve the system’s reliability and ease of use. It is not clear
whether or not the increase in hydrostaticity of helium over
4 :1 methanol :ethanol as the PTM is significant in the low-
temperature regime. However, further insight into this ques-
tion would also be of interest to the future developments.
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